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ABSTRACT 
 

Chronic chagasic cardiomyopathy (CCM) is presented by increased 

oxidative/inflammatory stress and decreased mitochondrial bioenergetics. SIRT1 

senses the redox changes and integrates mitochondrial metabolism and inflammation; 

and SIRT1 deficiency may be a major determinant in CCM. To test this, C57BL/6 mice 

were infected with Trypanosoma cruzi (Tc), treated with SIRT1 agonists (SRT1720), 

and monitored during chronic phase (~150 days post-infection). In this study, we 

determined whether enhancing the activity of sirtuin 1 (SIRT1) would be beneficial in 

maintaining heart health in Chagas disease. We found that treatment with SIRT1 

agonists, given in a therapeutic window of time after Trypanosoma cruzi infection, had 

no beneficial effects in reducing the cardiac remodeling and mitochondrial biogenic 

defects in chagasic mice. SIRT1 agonist, however, controlled the NFB signaling of 

oxidative and inflammatory responses and helped preserve the left ventricular function 

in chagasic mice. We also found that SRT1720 decreased the proinflammatory 

differentiation of macrophages in spleen and heart tissue in chronic chagasic mice. 

SRT1720-treated chagasic mice also significantly reduced in proinflammatory 

cytokines’ mRNA level and protein level compared to splenic macrophages of chagasic 

mice. We concluded that co-delivery of SIRT1 agonists with other small molecules that 

inhibit mitochondrial dysfunction, cardiac fibrosis, and parasite persistence will 

potentially form a complete therapeutic regimen against Chagas disease. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Chagas disease 

Parasite, vector and transmission 

   Trypanosoma cruzi (T. cruzi) causes Chagas disease that is one of the most 

frequent causes of heart failure and sudden death in Latin America (1). It was 

described by the Brazilian scientist Carlos Chagas more than a century ago. According 

to World Health Organization estimates, about 16–18 million people are infected with 

T. cruzi, and about 120 million people are at risk of infection. Chagas disease is 

generally confined to Latin American countries, and is endemic in Mexico, Central and 

South America, where vector-borne transmission occurs in rural areas. Both domestic 

and wild mammals can serve as reservoirs for the parasite. Transmission of T. cruzi 

occurs by insect vectors of the subfamily Triatominae, in the family Reduviidae, known 

as “kissing bugs”. Currently, the US does not screen blood donations since there is no 

approved screening test available (2). Blood transfusion and organ transplantation are 

also important transmission routes of T. cruzi. Due to the immigration of infected 

persons to large urban cities and non-endemic countries, the epidemiological profile of 

the Chagas disease has changed to a globalized problem. It is estimated that 

~300,000 people living in the United States are chronically infected with T. cruzi 

(3). Studies have reported the presence of the insect vector as well as T. cruzi infection 

of domestic and wild animals in the United States (4-7). In addition, Chagas disease 

also has been increasingly detected in Canada, Australia, European and some 

Western Pacific countries. Taken together, all these conditions indicating the potential 
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for Chagas disease as an emerging disease of public health importance in the USA 

and in the world (2, 8) (Fig 1.1). 

 

 

 

Life cycle and infection 

  T. cruzi has a complex life cycle that involves four morphologically and biochemically 

distinct forms (Fig 2). The insect vector becomes infected by ingesting circulating 

parasites (trypomastigotes) while taking a blood meal from an infected mammalian 

host. In the mid gut of the vector, the trypomastigotes attach to perimicrovillar 

membranes through surface glycophosphatidylinositols and transform into 

epimastigotes and replicate. After 3–4 weeks, at the hindgut, epimastigotes 

differentiate into metacyclic trypomastigotes. T. cruzi is transmitted by deposits of 

feces, as infected triatomine bug takes a blood meal from sleeping human hosts, on 

Fig1.1 Global distribution of Chagas disease. 

https://www.omicsonline.org/searchresult.php?keyword=blood
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the membranes, the conjunctivas, the skin or other vulnerable surfaces. Oral ingestion 

of food or drink contaminated with infected faces can also lead to T.cruzi infection. 

Once in the host, the metacyclic trypomastigotes invade the nucleated cells and 

transform into the multiplying intracellular forms of amastigotes and multiply in the host 

cells, which then differentiate into trypomastigotes over a period of 4 to 5 days (9). 

Then trypomastigotes are released into the blood stream as the host cell ruptures and 

they then disseminate to invade new cells. Also, the trypomastigote may be ingested 

in blood meals taken by vectors. The trypomastigote then transform into epimastigotes 

in the midgut of the vector and complete the cycle. 

 

 

Fig 1.2  Life cycle of Chagas disease. 

Fig 1.2 Life cycle of Chagas disease. 
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Clinical Chagas disease and pathology 

    There are three phases of Chagas disease: the acute phase, the indeterminate 

phase and the chronic phase. The acute phase happens shortly (1 to 2 weeks) after 

an initial infection. It is symptom free or exhibits only mild and nonspecific symptoms. 

The hallmark of the acute phase is microscopically detectable trypomastigotes in wet 

preparations of blood and cerebrospinal fluid. A newly infected individual may develop 

fever, chills, fatigue, vomiting, diarrhea, rash, headache and meningeal irritation. The 

signs on physical examination include enlarged liver or spleen, swollen glands and 

swelling at the site of entry- a chagoma (of the skin). The classic marker of acute 

Chagas disease is called Romaña's sign, which includes swelling of the conjunctiva 

or eyelids where the bug feces were deposited. The mortality rate of acutely infected 

patients (often children) are less than 1%, and they usually die due to congestive heart 

failure associated with severe inflammation of myocarditis and/or meningoencephalitis 

(10). The acute phase also can be very severe in people with depressed immune 

system. In most patients, the cell-mediated immune response controls parasitemia, 

and associated symptoms usually resolve spontaneously within 2 to 4 months (11). 

Approximately 70% of infected people do not present with evident tissue damage and 

organ dysfunction but in the presence of T.cruzi specific antibodies, and characterize 

the indeterminate phase. The remaining 30% of infected persons have progression to 

chronic Chagas’ cardiomyopathy over a period of years or decades (12, 13). Patients 

develop either cardiac complications (cardiac form: cardiomyopathy) or digestive 
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disorders (digestive form: mainly megaesophagus and megacolon) or both 

(cardiodigestive form), and less than 5% of patients develop the neurological form of 

the disease (9, 14). The most serious and frequent manifestation of chronic 

Chagas disease is the dilated chagasic cardiomyopathy. The earliest signs are 

typically conduction system abnormalities, such as right bundle branch block or left 

anterior hemiblock (13). Left ventricular dysfunction are common in advanced Chagas’ 

cardiomyopathy (15). Patients may develop atrial and ventricular arrhythmias, 

thromboembolism, dilated cardiomyopathy and congestive heart failure (16). 

Histological examination of the heart shows myocytolysis, myonecrosis and 

contraction band necrosis. Bands of fibrous tissue and extracellular collagen were also 

found as a result of massive and constant infiltration of inflammatory cells in the 

myocardium (17). Mother to baby transmission of infection from the placenta can 

cause abortion, prematurity and organic lesions in the foetus (18). Infected newborns 

may have no symptoms or exhibit low birth weight, hepatosplenomegaly, respiratory 

distress, cardiac failure and meningoencephalitis (19). 

 

Treatment of Chagas' disease 

   Treatment of Chagas disease focuses on killing the parasite in acute infection and 

controlling signs and symptoms in chronic stages. Only two drugs are most effective 

early in the course of infection: benznidazole and nifurtimox. They are not yet 

approved by the Food and Drug Administration but can be obtained from the Centers 

for Disease Control and Prevention (CDC) and can be used under protocol. In patients 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj9iv60-KLVAhUFxoMKHZybBcwQFggkMAA&url=https%3A%2F%2Fwww.cdc.gov%2F&usg=AFQjCNErWzfRjAmPr0O74c6r4VcdEuagkw
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwj9iv60-KLVAhUFxoMKHZybBcwQFggkMAA&url=https%3A%2F%2Fwww.cdc.gov%2F&usg=AFQjCNErWzfRjAmPr0O74c6r4VcdEuagkw
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with acute Chagas’ disease and early congenital Chagas’ disease, both benznidazole 

and nifurtimox reduce the duration of parasitemia, attenuate the severity of symptoms 

and shorten the clinical course of illness.  Cure rates reach 100% for congenitally 

infected newborns and over 60% for acute cases (9, 20, 21). However, both 

benznidazole and nifurtimox are not recommended to pregnant women or people with 

kidney or liver failure, and nifurtimox  should not be taken by patients suffer from 

neurological or psychiatric disorders (22). Both benznidazole and nifurtimox have 

serious side effects that increase in frequency and intensity with the age of the patients 

(21, 23). The most common side effect of Nifurtimox in adult patients including gastric, 

psychiatric, and neurological complications (24, 25). Adverse effects of benznidazole 

includes dermatitis, peripheral neuropathy, angioedema, and bone marrow 

suppression (26). The treatment for chronic Chagas disease do not differ much from 

the treatment of other cardiomyopathies. The drug treatment for heart failure, 

arrhythmias and thromboembolism can be used. Yet the treatment outcome of chronic 

Chagas’ patients with severe heart failure is very poor, so there is an urgent need to 

develop safe and effective new drugs for both disease stages.  

 

1.2  Chronic Chagas heart disease: Potential pathological factors  

   It is suggested that compromised mitochondrial biogenesis, T. cruzi–induced 

inflammatory pathology and a feedback cycle of oxidative stress may contribute to 

chronic Chagas disease (27).  
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1.2a mitochondrial biogenesis and function defects in chronic Chagas disease 

    Heart function is supported by a high rate of ATP production through mitochondrial 

oxidative phosphorylation. Cardiomyocytes have a high copy number of mitochondrial 

DNA (mtDNA) that encodes essential components of respiratory complexes to support 

high-energy demands of the heart (28). Mitochondrial biogenesis is the processes and 

events resulting in growth and maintenance of mitochondria. Due to their bacterial 

origin, mitochondria have their own genome and possess the capacity of auto 

replication. Mitochondrial proteins are encoded by both the nuclear and the 

mitochondrial genomes. Mammalian mtDNA (mitochondrial DNA) is a circular double-

stranded molecule of that encodes 13 proteins, all of which are subunits of electron 

transport chain necessary for respiration and oxidative phosphorylation. Mitochondrial 

DNA replication is mediated by a nuclear-encoded enzyme complex consisting of 

POLG (DNA polymerase gamma), SSBP (single strand binding protein) and PEO1 

(DNA helicase). POLG1 is the only DNA polymerase present in the mammalian 

mitochondria essential for mtDNA replication. 

 

Generation of new mitochondria requires the coordination between nuclear-

encoded protein and mitochondrial-encoded proteins. PGC-1 (peroxisome 

proliferator–activated receptor gamma coactivator) is a master regulator of 

mitochondrial biogenesis. It is a member of the PGC family of transcription 

coactivators.  It is preferentially expressed in tissues with high oxidative capacity and 

abundant mitochondria, such as the heart, kidneys, and skeletal muscle. PGC-1α is 
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located in the cell nucleus (29). PGC-1α plays an important role in the expression of 

nuDNA- and mtDNA-encoded genes that drive mitochondrial biogenesis and increase 

the capacity for oxidative phosphorylation (30). In response to a stimulus, PGC-1α 

activates estrogen-related nuclear orphan receptors ERR-α and ERR-γ which promote 

expression of genes involved in glucose and fatty acid uptake, energy production and 

ATP transportation (31). PGC-1 can also bind and co-activate transcription factors 

such as the nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) and upregulates 

the expression of nuclear genes encoding mitochondrial proteins, as well as the 

expression of mitochondrial transcription factor A (TFAM). Mitochondrial replication is 

initiated from the D-Loop region, where TFAM binds to the enhancer of the promoter 

and induces structural changes, which can expose the promoter region to the 

mitochondrial-specific RNA polymerase. This process generates mature RNA 

primers that are utilized by POLG to initiate mtDNA replication (32). Then the 

expression of the 13 mitochondrial DNA (mtDNA) encoded products is activated and 

assembled into enzyme complexes within the electron transport chain that mediate 

oxidative phosphorylation. This process leads to mitochondrial proliferation and 

increased mitochondrial content (29) (Fig 1.3). 
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        The impairment of mitochondrial membrane phospholipids, DNA, or proteins 

can have multiple  impact on mitochondria function, including enhanced permeability 

of the mitochondrial membranes, loss of the mitochondrial components, dissipation of 

the mitochondrial membrane potential and the decreased respiratory chain complexes 

activity (33) (34, 35). The eventual outcome is the impairment of the mitochondrial 

oxidative phosphorylation capacity, which has an adverse effect on energy production 

and cardiac performance. In infected human cardiomyocytes and chagasic hearts, 

mitochondrial biogenesis was impaired severely as evidenced by decreased mtDNA 

content. It is suggested that mtDNA replication impaired resulted in the significant loss 

of mtDNA and mtDNA-encoded proteins of oxidative phosphorylation pathway  (36). 

Fig 1.3 Transcriptional control of mitochondrial biogenesis. 
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In a murine model of T. cruzi infection, T. cruzi alters plasma membrane and 

contributed to the mitochondrial permeability transition pore (MPTP) opening, leading 

to complex II and III activities constitutively decreased throughout the disease phase, 

and the complex V enzyme activity only defects during the chronic disease phase (37). 

Cardiac mtDNA content and mitochondria-encoded transcripts were also declined and 

the cardiac mitochondria OXPHOS-mediated ATP synthesis capacity were 

substantially reduced (36). Quantitative light and electron microscopic analysis 

showed that mitochondrial degenerative changes occur in early T. cruzi infection and 

are exacerbated with progression of disease in the myocardial biopsy samples from 

human chagasic patients and T. cruzi infected experimental models (38-41). 

 

1.2b Oxidative stress in chronic Chagas disease 

     Oxidative stress results from elevated level of reactive oxygen species (ROS) 

and/or reactive nitrogen species (RNS). Reactive oxygen species (ROS) are 

chemically reactive species containing oxygen. Examples include superoxide (O2•−), 

hydroxyl radical (•OH), and hydrogen peroxide (H2O2). ROS are formed in the heart, 

vascular tissue, splenocytes and blood leukocytes through the action of specific 

oxidases and oxygenases (eg, NOX2), peroxidases (eg, myeloperoxidase, MPO) and 

as by-products of the electron transport chain of mitochondria (42). Reactive nitrogen 

species (RNS) are a family of molecules derived from nitric oxide (•NO) 

and superoxide (O2•−). In addition to ROS, activated macrophages can produce large 

amounts of nitric oxide (NO) by the inducible form of the NO synthase enzyme 

https://en.wikipedia.org/wiki/Nitric_oxide
https://en.wikipedia.org/wiki/Superoxide
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(iNOS). ROS produced by the NOX2 catalyzed one-electron reduction of O2 and 

serves as the first line of host defense against microbes. In Chagas disease, two major 

ROS producers are NADPH oxidase (gp91phox or NOX2) and mitochondria (17). 

During T. cruzi infection, NOX2 was detected at the plasma membrane of peritoneal 

macrophages, resulting in activation and increased levels of ROS by NOX-dependent 

oxidative burst (43). Splenocytes of infected mice and in vitro-cultured macrophages 

also responded to T. cruzi infection by NOX2 activation and ROS production (44). In 

T. cruzi infected mice and in macrophages infected in vitro with T. cruzi, increased 

iNOS expression and •NO production is noted (45, 46). Also increased levels of 

myeloperoxidase and nitrite were found in the plasma of T. cruzi-infected mice (47). In 

humans, the •NO level was also elevated in patients with indeterminate Chagas 

disease in comparison to healthy controls (48). Phagosomal superoxide O2•− and 

nitric oxide (NO) promote peroxynitrite (ONOO−) mediated killing of T. cruzi in 

macrophages (49). Electron microscopic analysis of heart biopsies from chagasic 

patients and T. cruzi infected experimental animals has revealed that with disease 

development, mitochondria undergo degenerative changes including swelling, exhibit 

irregular membranes and loss of cristae (38-41). The functional decline of cardiac 

mitochondria in chagasic murine hearts was shown by impaired activities of respiratory 

complexes (37) and ATP synthase (CV) complex (50). Mitochondrial defects of the 

respiratory chain can lead to increased electron leakage and production of ROS that 

are harmful to mitochondrial and cellular components (51). Exposure to T. cruzi altered 

mitochondrial membrane potential and electron transport chain that result in leakage 
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of electrons to O2 and increased O2•− formation in infected human and murine 

cardiomyocytes and mouse chagasic heart (52, 53). ROS are also critical regulators 

of parasite control, modulating splenic inflammatory cell proliferation and the cytokine 

responses, and also play an essential role in the formation of adaptive immunity for 

parasite killing (45). 

 

    The overall level of cellular ROS is related with the relative rate of generation of 

ROS and the rate of reduction by antioxidants. The function of antioxidant system is 

to protect cells against oxidative damage. The critical antioxidants in cardiomyocytes 

including Mn2+ superoxide dismutase (MnSOD), glutathione peroxidase (GPx), 

Catalase (CAT) and Glutathione (GSH). The MnSOD catalyzes the dismutation of the 

superoxide (O2−) to produce either ordinary molecular oxygen (O2) or hydrogen 

peroxide (H2O2). Subsequently, H2O2 is converted to H2O by catalase (CAT) and 

guaiacol peroxidase (GPX). GPx converts H2O2 in the presence of GSH and form 

H2O and oxidized   glutathione (GSSG). When the antioxidant system is 

compromised, ROS accumulation increase since cells are unable to efficiently 

scavenge the free radicals (54-56) . A variety of studies suggested that oxidative stress 

can be reliably evaluated by oxidative-damage biomarkers, such as   lipid peroxides 

(57), protein carbonyls (58, 59) and GSSG levels (60, 61) . 

 

    During the acute phase of T. cruzi infection, glutathione antioxidant defense 

including GPx, GSR, and GSH were enhanced and contributes to host’s ability to 

https://en.wikipedia.org/wiki/Superoxide
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/Hydrogen_peroxide
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control oxidative stress. In the chronic phase, ROS levels and GSSG, and lipid (MDA) 

and protein (carbonyl) oxidation products increased and associated with decreased 

MnSOD activity (62). In T. cruzi seropositive humans, increased GSSG and MDA 

contents are associated with decreased MnSOD, GPX activity, and GSH contents (63, 

64). Moreover, the treatment of T. cruzi-infected rodents with an antioxidant preserved 

mitochondrial and cardiac function. T. cruzi-infected mice and rats, treated with phenyl-

a-tertbutyl nitrone, a spin-trapping antioxidant, exhibited a significant decline in the 

myocardial accumulation of oxidative adducts and increased ATP synthesis (53, 65). 

Using a transgenic mouse model with overexpression of MnSOD decreased 

myocardial inflammatory and oxidative stress and remodeling responses elicited in 

Chronic Chagas Disease (66). All of these observations suggested that antioxidant 

inefficient scavenging of ROS resulting in sustained oxidative stress are important in 

the progression of human chagasic cardiomyopathy. 

 

1.2c innate immune cells activated in in acute and chronic Chagas disease 

    Host resistance to T. cruzi depends both on innate and acquired immunity which 

are triggered during early phase of infection. We are focusing on the role of innate 

immune response in Chagas disease. Monocytes and Dendritic cells (DCs) are 

important mediators of the innate immune system and promote the development of 

adaptive immune responses. When infected with T cruzi, macrophages and dendritic 

cells and secrete IL-12, TNF-α, and costimulatory molecules, and then prime IFN- γ -

producing specific T cells (67).  These steps occur shortly after initial infection and 
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can help to control, but not complete elimination of parasitism. Others have shown that 

T. cruzi in DCs reduced DC antigen presentation capacity (68). It has also been 

reported T. cruzi enhances the production of IL-10 and reduces the IL-12 levels in DCs 

from Chagasic patients compared with DCs from healthy donors (69). The interaction 

of T. cruzi with macrophages and dendritic cells are mediated by pathogen recognition 

receptors such as TLRs that play an important role in the recognition of components 

of pathogens by the innate immune system. Upon binding to its specific  ligand 

(Toll/IL-1R domains) via pattern recognition, TLRs induce the recruitment of cytosolic 

adaptor molecules myeloid differentiation primary-response protein 88 (MyD88) and 

subsequently activate nuclear factor-κB (NFκB) signaling, leading to the production of 

inflammatory cytokines (70). T. cruzi-derived molecules, such as 

glycosylphosphatidylinositol (GPIs) and mucins stimulate the TLR2-dependent 

leukocyte recruitment via CCL2 and led to the synthesis of IL-12 and TNF-α (71-73). 

Mice deficient in TLR2 and its adaptor molecule MyD88 infected with T. cruzi resulted 

in decreased production of proinflammatory cytokines and enhanced parasitemia (74). 

Infection of mice naturally deficient in TLR4 lead to reduced GIPL-induced neutrophil 

recruitment, higher parasitemia and earlier mortality (75). T cruzi also induces Th1 

response by expressing kinin releasing cysteine protease (cruzipain), through 

maturation of Bradykinin B2 receptors (B2R) of dendritic cells (72, 76). Parasite-

derived GIPLs and DNA are recognized by TLR2, TLR4 and TLR9, activating the 

production of proinflammatory cytokines and microbicidal effectors (71, 77). Upon T. 

cruzi infection, TLR9 and TLR2 deficient mice exhibit decreased in vivo IL-12/IFN- γ 
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responses and enhanced susceptibility to infection (78).Thus, parasite antigens and 

the released cytokines cooperate to promote the development of protective Th1 

response and the control of parasite growth. Efficient control of intracellular T. cruzi 

infections is dependent on cytokine-mediated macrophage activation of macrophage-

mediated killing of the parasite. The role of macrophage polarization in chronic Chagas 

disease is not well defined. So it is important to understand how M1/M2 macrophages 

lead to dysfunctional immune responses in chronic Chagas disease. 

 

    Blockage of type 1 cytokines (IFN-γ, TNF-α) by using genetic knockout mice or 

antibodies depletion of specific immune molecules is associated with an increased 

susceptibility to T. cruzi infection (79-81). The immunoregulatory cytokines IL-10 and 

TGF-β correlates with a susceptibility to acute T. cruzi infection (82, 83). Neutralization 

of endogenous IL-10 resulted in an increase in T. cruzi-induced IFN-γ production as 

well as parasite killing (82, 83). Mice deficient in IL-10 infected with T. cruzi had severe 

negative effects due to enhanced levels of TNF-α and IFN-γ (84). Collectively, these 

results suggested that both inflammatory and anti-inflammatory responses play an 

important role during T. cruzi infection and that the ratio of IL-4 + IL-10/TNF-α + IFN-γ 

may be an important determinant of disease outcome. 

 

1.3  SIRT1: a potential therapy in Chronic Chagas disease 

    Sirtuins, initially named as Silent information regulator 2 (Sir2) proteins, are 

defined as class III histone deacetylases. Sirtuins are nicotinamide adenine 
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dinucleotide (NAD+) -dependent protein deacetylase. In the deacetylase reaction, 

sirtuins hydrolyze one NAD+ molecule and resulting in the production of nicotinamide 

(NAM), the deacetylated substrate, and an O-acetyl-ADP ribose (85). In mammals, 

seven members of sirtiuns have been found and named as SIRT1-SIRT7. Sirtuins are 

ubiquitously expressed in all organs of the body including brain, heart, liver, testis, 

ovary, muscle, lung, kidney, blood and spleen at various levels. The seven mammalian 

Sirtuins share a conserved catalytic core deacetylase domain, but differ in sequence, 

subcellular location, enzyme activity, substrate specificity and physiological functions 

(86, 87). SIRT1, SIRT6 and SIRT7 are generally localized in nucleus and modulate 

transcription through transcription factors, co-factors or histones (88-92). SIRT2 is 

found in the cytoplasm and regulates oligodendrocyte differentiation and cell cycle (93, 

94). SIRT3, SIRT4, and SIRT5 primarily reside in mitochondria and mediate metabolic 

enzymes activities and oxidative stress pathways (95, 96) 

 

    SIRT1 is the closest homologue of yeast Sir2 and has been studied most (97). At 

the cellular level, SIRT1 is expressed in both the nucleus and cytoplasm with dominant 

presence in the nucleus. SIRT1 may shuttle between the nucleus and cytoplasm 

depending on environmental conditions (98). SIRT1 has two nuclear localization 

signals and a coiled-coil domain in addition to the core deacetylase domain. 

Endogenous substrates of SIRT1 are abundant including p53, NBS1, p65, c-Jun and 

c-Myc (99-103). SIRT1 activity is mainly dependent on its core deacetylase domain, 

but other domain regions could regulate substrate binding as well. SIRT1 mediated 
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deaceylation activity regulates a number of proteins and their translation and involved 

in critical physiological processes including oxidative stress, metabolism, cell 

proliferation, and genomic stability. SIRT1 has been reported to associate with chronic 

inflammatory diseases, metabolic dysfunctions, neurodegenerative diseases and 

cardiovascular dysfunction (104-107). 

 

1.3a the role of SIRT1 in mitochondrial biogenesis 

One of the primary targets of SIRT 1 deacetylation is the PGC-1 α. SIRT1 and its 

substrate, PGC-1α, regulate energy metabolism and induce mitochondrial biogenesis. 

PGC-1 α co-activates the transcription factor NRF1 and NRF 2, which, in turn, 

activates the expression of TFAM. TFAM translocates to mitochondrial matrix to 

regulate mitochondrial DNA replication and the expression of the 13 mitochondrial 

DNA (mtDNA) encoded gene products. PGC 1 α undergoes various post-translational 

modifications including acetylation and phosphorylation. Acetylation of PGC-1 α alters 

it’s localization within the nucleus. Studies have shown that deacetylation of PGC-1 α 

is dependent on SIRT1 activity (108-112). Additionally, mutation of the acetylation 

sites which mimics the deacetylated state, markedly enhances basal PGC-1a activity 

(112). Early work from Finkel’s group found out that SIRT 1 may physically and 

functionally interacts with PGC-1 α through ADP-ribosyltransferase domain of SIRT 1 

(111). They found that ADP-ribosyltransferase domain mutation prevents SIRT 1’s 

interaction with PGC-1 α. It is also believed that SIRT 1 acts as a sensor of changes 

in nutrient and energy metabolism. Puigserver’s group showed that SIRT 1 was 
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activated by fasting, and the interaction of SIRT 1 and PGC-1 α enhanced the 

expression of hepatic gluconeogenic genes (112). The group also found that SIRT1 

deacetylation of PGC-1 α in skeletal muscle is required for expression of mitochondrial 

fatty acid oxidation genes (109). 

 

   Resveratrol (3,5,4′-trihydroxy-trans-stilbene), 

is a natural phytoallexin which protects the plants 

from fungi infection. The structure of resveratrol is 

depicted in Fig 1.4. It is found in grapes skin, red 

wine, berries, peanuts, roots of rhubarb and other 

plants and has multiple biological effects. Resveratrol was first described in 1940 from 

the roots of white hellebore, however, in 1992 it was found that resveratrol have the 

cardio-protective effects of red wine and was suggested to be contribute to low 

incidence of cardiovascular disease in French population (12). In 1997, a report in 

Science suggested that resveratrol can inhibit growth of cancer cells in culture (113). 

In 2003, a compound screen for small molecule activators of SIRT1 identified 15 

SIRT1 activators and resveratrol was the most potent one. In a number of studies, 

resveratrol has been found to increase life span in yeast, nematode, flies and fish (114, 

115). In rodents, resveratrol has been shown to prevent or slow the progression of 

diverse illnesses, including cardiovascular diseases, brain disorders, and cancer (116-

118). Auwerx’s group showed that resveratrol treatment of mice resulted in the 

improved running time and increased oxygen consumption in the skeletal muscles, 

Fig 1.4 Structure of Resveratrol. 
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which is associated with the activation of genes for oxidative phosphorylation and 

mitochondrial biogenesis (110). The authors also revealed that resveratrol treatment 

prevented diet-induced-obesity and insulin resistance in mice and attributed these 

benefit to activation of SIRT1 and a consequential decreased PGC-1 α acetylation. 

Studies also showed that treatment with resveratrol produces a variety of benefits 

including increasing mitochondrial content, and the anti-oxidative capacity, reduced 

inflammation, improved metabolic and vascular function (110, 119-121). All of the 

resveratrol effects may be related to its ability to induce SIRT1 activity. 

 

    SRT1720 was first identified in a high-

throughput in vitro fluorescence polarization assay 

which is used for screening SIRT1 agonists (122) . 

SRT1720 was found about 1,000-fold more potent 

than resveratrol in activating SIRT1 activity. 

SRT1720 binds to the SIRT1 enzyme-peptide 

substrate complex and contributed to deacetylation of 

SIRT1 target proteins in both cells and animals (122, 123). The structure of SRT1720 

is depicted in Fig 1.5. It is one of the pharmaceutical compounds that are being studied 

for their efficacy in the treatment of metabolic and chronic diseases. It improves 

mitochondrial respiration in a SIRT1- and PGC-1α-dependent manner. In vivo studies, 

SRT1720 has been shown to improve insulin sensitivity, lower plasma glucose, 

improve mitochondrial capacity and oxidative metabolism in skeletal muscle, liver, and 

Fig 1.5 Structure of SRT1720. 
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brown adipose tissue of obese mice and rats (122-124). In addition, C2C12 cells 

treated with SRT1720 exhibited increased express of citrate synthase activity and ATP 

levels indicating the improvement of mitochondrial biogenesis (125). Poly(ADP-ribose) 

polymerase (PARP)-1 is an NAD + -dependent nuclear ADP-ribosyltransferase (112)  

which is activated upon binding to damaged or abnormal DNA (122), and catalyzes 

the formation of poly(ADP-ribose) (PAR) chains on itself and other proteins (113, 123, 

126). The PARP family of proteins are involved in a number of cellular processes 

including: DNA damage, DNA response, cell death and regulation of transcriptional, 

cell cycle and telomere [19]. Because both SIRT1 and PARP-1 depends on 

NAD+ availability, cross talk between them has been suggested. It was reported that 

deletion of the PARP-1(a major NAD+-consuming enzyme) resulted in increased 

SIRT1activity. PARP-1 knockout mice exhibited an increased mitochondrial content 

and energy expenditure, and were protected against metabolic disease (126) 

confirming that SIRT1 activity is associated with mitochondrial biogenesis.  

 

1.3b the role of SIRT1 in oxidative stress 

    Oxidative stress is characterized by increased intracellular levels of reactive 

oxygen species (ROS) and decreased antioxidant capacity (127). Oxidative stress is 

thought to play a key role in the pathophysiology of many diseases, including 

atherosclerosis, diabetic mellitus, and myocardial dysfunction (128). There is an 

extensive crosstalk between the SIRT1 expression and the level of oxidative 

stress.SIRT1 has gained much attention due to its role in oxidative stress resistance 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3898398/#B19
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through SIRT1/FOXOs, SIRT1/NF-κB, SIRT1/NOX, SIRT1/SOD, and pathways. 

 

SIRT1 and FOXOs 

   FOXOs (Forkhead box) proteins are a family of transcription factors. FoxO family 

includes 4 members: FoxO1, FoxO3, FoxO4 and FoxO6 (129). In response to 

various stress events, FoxO proteins translocate from the cytosol into the nucleus and 

are involved in regulation of cell cycle, cell immunity and oxidative stress. The 

SIRT1/FoxO axis was shown to regulate cellular responses to both metabolic changes 

and oxidative stress. A number of studies have demonstrated that SIRT1 can 

deacetylate the FoxO factors, such as FoxO1, FoxO3a and FoxO4, and subsequently 

activate the expression of antioxidants catalase, MnSOD and Trx, and through an 

auto-feedback loop also enhance SIRT1 auto-transcription and expression (130-

134).  Under conditions of oxidative stress, SIRT1 has been shown to interact with 

FOXO3 and form a complex both in vivo and in vitro, and SIRT1 can deacetylate 

FOXO3 to enhance antioxidant response (135). SIRT1 increases FOXO1 and FOXO4 

DNA-binding ability by deacetylating FoxO1 and prevented oxidative stress (131, 136). 

Overexpression of FoxO1 increases SIRT1 expression, and depletion of FoxO1 by 

siRNA reduces SIRT1 expression in vascular smooth muscle cells and HEK293 cells 

suggesting that FoxO1 is a positive transcriptional regulator of SIRT1(133).  

 

SIRT1 and antioxidant 

     Antioxidants are a complex system of defenses that inhibit the accumulation of 
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oxidants. The antioxidant proteins including uncoupling protein 2 (UCP-2),   Mn 

superoxide dismutase (MnSOD), glutathione peroxidase 4 (Gpx4), peroxiredoxin 5 

(Prx5), thioredoxin 2 (Trx2) and glutation peroxidase 1 (GPx1)(137). Studies have 

demonstrated that MnSOD expression was significantly compromised in the aortas of 

diabetic WT mice, whereas endothelium-specific SIRT1 transgenic mice successfully 

restored the MnSOD expression, suggesting the the SIRT1/MnSOD pathway may 

contribute to the protection against hyperglycemia-induced endothelial dysfunction 

(138). Similarly, treatment of resveratrol increased MnSOD expression ameliorate 

endothelial oxidative stress. This effect was mimicked by SIRT1 overexpression and 

diminished by SIRT1 knockdown (139) suggested that SIRT1 promote MnSOD 

expression and increase the oxidative stress resistance. SIRT1 has also been 

reported to regulate some transcription factors which are involved in cellular redox 

balance. Nrf2 is a transcription factor that plays an important role in 

cellular antioxidant defense by binding to the antioxidant response element (ARE). It 

has been reported that Melatonin has anti-oxidative effect through activation of the 

SIRT1-dependent transcription factor Nrf2 in the developing rat brain and in BV2 cells, 

and SIRT1 inhibitor significantly decreased the protein expression of SIRT1 and Nrf2 

in BV2 cells (140). SIRT1 has also been demonstrated to enhance the activation of 

the Nrf2/ARE antioxidant pathway, and thus inhibiting the apoptosis in mouse type II 

alveolar epithelial cells (141). 

 

SIRT1 and NOXs/ROS 
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    In aerobic organisms, ROS can be generated by various sources, such as 

mitochondrial electron transport chain, xanthine oxidase and myeloperoxidase. 

However, the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family 

(NOX enzymes) is the only enzyme family that produces ROS as its main product 

(142). The NADPH oxidase (NOX) family consists of seven members including: NOX 

1–5 and two dual oxidases (DUOXs), DUOX 1 and DUOX 2 (143). NOX enzymes play 

an important role in host defense, posttranlational processing of proteins, regulation 

of pH and ion concentration in the phagosome and cell differentiation (143). However, 

NOX can also lead to a wide range of pathological processes and tissue damage for 

their participation in ROS production. SIRT1 has been demonstrated to inhibit NOX 

production. It was reported that SIRT1 inhibition contributed to upregulation of NOX 

oxidase subunits, p22phox, and NOX4, eventually leading to increased ROS levels 

and endothelial dysfunction (144, 145). Quercetin has been reported to induce SIRT1 

expression and increased AMPK activity, and subsequently decreased NADPH 

production, thus providing protective effects against the hyperglycemia-induced 

oxidant damage in HUVECs (146).SIRT1 can also through inhibition of NF-κB 

signaling, reduce the expression of NADPH oxidase components, such as gp91 phox 

and p22phox and thus prevent the production of oxidative stress and reactive nitrogen 

radicals (147-151). 

 

1.3c the role of SIRT1 in inflammatory stress 

SIRT1 and NF-κB 
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    The NF-κB transcription factor family consists of five proteins including p65 (RelA), 

RelB, c-Rel, p105/p50 (NF-κB1), and p100/52 (NF-κB2) that 

regulates transcription of DNA, cytokine production and cell survival.  In the absence 

of stimuli, NF-κB remains in an inactive form in the cytoplasm through association with 

inhibitory IκB proteins. IκB kinase (IKK) mediates IκB phosphorylation and leads to the 

degradation of IκB, NF-κB is then translocated to nucleus and activated to induce 

transcription of target genes (152). SIRT1 plays a key role in regulating immune 

responses through NF-κB signaling and in that way also modulates the ROS 

production. SIRT1 deacetylates the RelA/p65 subunit of NF κB at Lys310 residue and 

inhibit NF-κB activity (101). The N-terminal domain of SIRT1 is a positive regulator of 

the SIRT1 deacetylation NF-κB p65 and inhibits NF-κB transcription (153). Resveratrol 

has been demonstrated to inhibit TNF-α-induced injury through SIRT1-induced 

repression of NF-κB and ROS generation in Human Umbilical Endothelial Cells (154). 

SIRT1 can also inhibit NF-κB by activating AMPK and PPARα, which inactive the NF-

κB pathway and prevents ROS generation. At the same time, NF-κB transcription can 

also suppress SIRT1 activity by promoting ROS production (155). Taken together, all 

these findings suggest that SIRT1 controls NF-κB signaling and ROS, and NF-κB itself 

could regulate SIRT1 levels through ROS production. 

 

SIRT1 and acute inflammation 

    Acute inflammation is a response to eliminate the source of the tissue injury and 

restore immune homeostasis and it occurs over seconds to days. Innate immune cells 

https://en.wikipedia.org/wiki/Transcription_(genetics)
https://en.wikipedia.org/wiki/DNA
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initiate an acute inflammation in response to an intense environmental stimulus 

following an adaptive phase for termination. Innate immune cells  including 

monocytes/macrophages, granulocytes, and dendritic cells all express Toll-like 

receptors (TLR) to sense different pathogen-associated molecular patterns (PAMPs) 

and rapidly initiate an inflammatory response, which is associated with activation of 

the NF-κB family of transcription mediators (156). The TLR signal lead to NF-κB /p65 

to translocate to the nucleus and bind gene promoters of inflammatory mediators to 

represses the transcription of pro-inflammatory genes. Transcription regulation of the 

switching from the early acute inflammatory to the adaptive anti-inflammatory state 

requires SIRT1-dependent deacetylation of histone proteins including H1K26, H4K16, 

H3K9, and H3K14 and recruit of new methyltransferases (157). SIRT1 also regulates 

metabolism of the acute inflammatory process by mediating a metabolic switch during 

adaptation (158-160). In the initiation phase, TLR activation rapidly increases glucose 

level for supporting the expression of proinflammatory genes, and activates the 

expression of HIF-1α which switches mitochondrial glucose oxidation to glycolysis. 

SIRT1 activates PGC-1 and increases the flux of fatty acids and transfer of fatty acids 

into mitochondria, providing fat as an alternative source for mitochondrial respiration 

(157). 

 

SIRT1 and chronic inflammation 

    Chronic inflammation is caused by persistent low-level of stimulation, even a life 

span. SIRT1 has been considered as a potential negative regulator of chronic 
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inflammation. Partial or complete loss of SIRT1 activity and/or protein levels in specific 

tissue were observed in many chronic inflammatory diseases. Examples include fat 

deposits in obesity (161), lung in chronic obstructive pulmonary disease (COPD) (162), 

brain in Alzheimer’s disease (163), and arterial inflammation in atherosclerosis (164), 

and skin in aging (165). Loss of SIRT1 activity in chronic inflammation may contribute 

to persistent hyperactivation of nuclear NFκB/p65 and elevation of pro-inflammatory 

cytokines which finally lead to metabolic syndromes (166). The mechanisms of SIRT1 

levels decline during chronic inflammation are not very clear. Enhancing NAD+ levels 

(167) or activating SIRT1 by resveratrol suppressed chronic inflammation and regulate 

metabolism and homeostasis (168). It is suggested that cellular bioenergetics 

coordinated with SIRT1 provide a regulation axis (positive and negative) that controls 

both inflammation, cellular and whole organism metabolism (169). 

 

1.4 The role of SIRT1 in phenotype and function of macrophages 

Phenotype and function of macrophages  

   Macrophages are immune cells which quiescently survey the various tissue milieu 

for early signs of infection or damage (170). Macrophages were originally identified by 

Elie Metchnikoff (Nathan CF 2008), who won the Nobel Prize for Medicine in 1908 by 

proposing their phagocytic nature. Macrophages can be found in tissues or circulate 

in peripheral blood. Until recently, it was believed that macrophages were solely 

derived from circulating peripheral-blood mononuclear cells (PBMcs), which migrate 

into tissue under both steady-state and inflammatory conditions (171). These PBMcs 
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differentiate from common myeloid progenitor cells in the bone marrow. The 

monocytes originate from hematopoietic stem cell (HSC) monoblasts, and sequentially 

give rise to a series of differentiation stages: the common myeloid progenitor (CMP) 

(172), the granulocyte- macrophage progenitor  (GMP) (172), the common 

macrophage and DC precursor (MDP) (173), and finally the monocyte progenitor 

(cMoP), which are released into the bloodstream. Monocytes migrate from the blood 

and then get recruited to injury sites. Recent studies have demonstrated that some 

tissue resident macrophages (e.g., brain, liver, heart and lung) may be develop in utero 

during fetal life (171). These embryonic macrophages have the ability to self-renew 

during development and throughout life in adult tissues. These tissue resident 

macrophages can maintain their local populations by rapid proliferation in response to 

injury. 

 

   Macrophages have different functions including phagocytosis of debris and 

pathogens, dead cell clearance, matrix turnover, modulate of fibrosis and wound 

healing. The plasticity of the inflammatory monocytes allows them to change their 

phenotype based on the environment cues or alter the immune responses after 

exposure to a specific stimulus. Macrophages have been classified as M1 (classically 

activated macrophages) or M2 (alternatively activated macrophages). Classical 

activation of macrophages occurs when the cell receives stimuli such as LPS, IFN-γ 

and granulocyte-macrophage colony stimulating factor (GM-CSF), which induces 

secretion of high levels of pro-inflammatory cytokines such as IL-1β, TNF-α, IL-12, IL-
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18 and IL-23.  The M1 macrophages play a central role in host defense against 

bacterial and viral infections (174, 175). It helps to drive antigen specific Th1 and Th17 

cell inflammatory responses, produces pro-inflammatory cytokines, chemokines of 

CXCL9 and CXCL10, expresses high levels of major histocompatibility complex class 

II (MHC II), the CD68 marker, and co-stimulatory molecules CD80 and CD86.  M1 

macrophages have also been shown to harm neighboring cells in the 

microenvironment by producing toxic reactive oxygen intermediates (ROS) and up-

regulate the expression of inducible nitric oxide synthase (NOS2 or iNOS) to produce 

NO from L-arginine (176-178). M2 macrophages play a central role in parasite control, 

wound-healing, fibrosis, tumor progression and immune regulation (178). M2 

macrophage activation is induced by fungal cells, parasite infections, immune 

complexes, apoptotic cells, macrophage colony stimulating factor (M-CSF), IL-4, IL-

13, IL-10 and TGF-β and chemokines CCL17, CCL22 and CCL24. This leads to the 

secretion of extracellular matrix (ECM) components, angiogenic and chemotactic 

factors and high amounts of IL-10. On the basis of the stimulus from the 

microenvironment and their distinct gene expression profiles, M2 macrophages can 

be further divided into subsets, specifically M2a, M2b, M2c and M2d (179, 180).  M2a 

is a profibrotic phenotype and is elicited by IL-4, IL-13 or fungal and helminth infections 

(179, 181). M2b is induced by IL-1 receptor ligands, Toll-like receptor, immune 

complexes and LPS (179). M2c is elicited by IL-10, TGF-β and glucocorticoids (181). 

M2d, is stimulated by IL-6 and adenosine (182). 
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SIRT1 inhibits differentiation of monocytes to macrophages 

   Monocytes are a group of white blood cells which are produced in bone marrow  

and circulate in the blood, bone marrow, and spleen. Monocytes circulate in 

the bloodstream for about one to three days and then migrate to other tissues and 

differentiate into tissue resident macrophages or dendritic cells. Monocytes have been 

identified as the systemic reservoir of myeloid precursors for renewal of tissue 

macrophages and dendritic cells. The differentiation process is regulated by (a) signals 

leading to the migration of the monocyte into tissues, (b) signals which determine the 

characteristic subpopulation of macrophage and (c) cytokines released by other cells. 

Resveratrol has been reported to inhibit the expression of macrophages surface 

markers CD11b, CD14, and CD36 in RAMCs (synovial fluid of rheumatoid arthritis) 

and THP-1 monocytes, and the suppressive effect was antagonized by pretreatment 

with sirtinol (SIRT1 inhibitor). PMA-stimulated BMDMs from SIRT1 Tg mice displayed 

reduced adhesion to culture dishes and decreased CD11b and CD14 mRNA 

expressions as compared with wild-type mice. And this inhibition of monocyte 

differentiation by SIRT1 was through suppression of PU.1 phosphorylation (183). 

 

SIRT1 regulates macrophage migration  

   Cell migration is a complicated process in the development and maintenance of 

multicellular organisms. It is regulated by the activation of various signaling molecules. 

SIRT1 deletion in myeloid cells results in the development of systemic insulin 

resistance through hyperactivation of the NF-κB pathway suggested that SIRT1 might 

https://en.wikipedia.org/wiki/White_blood_cell
https://en.wikipedia.org/wiki/Bone_marrow
https://en.wikipedia.org/wiki/Macrophage
https://en.wikipedia.org/wiki/Dendritic_cell
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mediate macrophage migration by targeting NF-κB pathway (184). Other studies also 

indicated that NF-κB is an essential coordinator of macrophage migration both in vitro 

and in vivo in murine models of obesity-induced inflammation (185-187). Myeloid-

specific SIRT1-deleted mice (mS1KO) fed a high-fat diet (HFD) displayed significant 

increased macrophage infiltration into pancreas, liver and adipose tissue compared 

with WT mice (188). Deletion of SIRT1 promote nuclear translocation and acetylation 

of NF-κB subunits as well as acetylation and expression of FAK in macrophages 

suggested that SIRT1 might regulate macrophage migration by targeting both NF-κB 

and FAK pathways. In inflammatory arthritis, mSIRT1 KO mice displayed increased 

macrophage infiltration in the synovial tissues as compared to WT mice (189). In a 

non-obese mouse model of type 1 diabetes, resveratrol has been found to block the 

macrophage migration from peripheral lymphoid organs to the pancreas (190). In 

addition, in a mouse model of colitis, resveratrol treatment decreased percentage of 

CD11b+ macrophages to the normal level in mesenteric lymph nodes and the lamina 

propria which are otherwise increased during colitis (191). 

 

SIRT1 regulates macrophage polarization and tissue inflammation 

   In response to distinct signals, macrophages are functionally polarized into 

classically activated macrophages (M1 macrophages), and alternatively activated 

macrophages (M2 macrophages) (192) (179). SIRT1 regulates macrophage 

polarization by inhibition of M1 and stimulation of M2 macrophage activation. In high 

fat diet-induced mouse model of obesity, increasing obesity triggers a switch in the 
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macrophage phenotype from M2 macrophages towards M1 cells in adipose tissues, 

leading to insulin resistance (193). SIRT1-deficient bone marrow derived 

macrophages exhibited a significant increase in basal and IFN-r/LPS stimulated iNOS 

expression, suggesting that SIRT1 deletion promoted polarization of classically 

activated M1 macrophages (194). SIRT1-deficient bone marrow derived macrophages 

also displayed a significant inhibition of IL-4-stimulated expression of M2 macrophage 

markers of Arg-1 and MGL1 (194). Moreover, myeloid cell-specific deletion of SIRT1 

increased infiltration of M1 macrophages and decreased M2 macrophages in adipose 

tissue (194). Macrophages are implicated in initiating and sustaining inflammation. 

When macrophages are exposed to inflammatory stimuli, they induce secretion of 

large amounts of cytokines such as TNF-α, IL-1, IL-6, IL-8, and IL-12. SIRT1 inhibition 

on the NF-κB pathway has a vital role in suppressing the pro-inflammatory phenotype 

of macrophages. In vitro, knockdown of SIRT1 in RAW264.7 cell line and in mouse 

intraperitoneal macrophages, activates the JNK and IKK inflammatory pathways, and 

enhanced expression of TNF-α, IL-1β, MMP9, MCP-1, KC and IL-6 when stimulated 

with LPS (118). SRT1720 treatment inhibited LPS-stimulated inflammatory pathways, 

as well as secretion of TNF-α in RAW264.7 cells and in primary intraperitoneal 

macrophages (118). Myeloid-specific SIRT1-deleted mice (mS1KO) fed a high-fat diet 

(HFD) displayed increased accumulation of macrophages TNF-α, IL-1β and IL-6 in 

mS1KO mice compared with WT mice (188). 

 

 SIRT1 in regulation of phagocytosis and killing 



32 
 

   Macrophages are professional phagocytes and highly specialized in engulfing 

particles, including apoptotic cells and invading pathogenic organisms, which are 

crucial for nonspecific immune responses (195). Besides regulating the NF-kB 

pathway, SIRT1 also has an essential role in activator protein 1(AP-1) transcriptional 

activity through deacetylation in macrophages. SIRT1 could inhibit the transcriptional 

activity of AP-1 by directly interacting with the basic leucine zipper domains of both c-

Fos and c-Jun, decreasing the expression of COX2, the enzyme for prostaglandin 

synthase. Consequently, over-expression of SIRT1 in macrophages prevent the 

prostaglandin E2 production, and improved PGE2-related phagocytosis activity and 

the bacterial killing function as well as tumoricidal activities in RAW264.7 cells and 

peritoneal macrophages (196-198). While antitumoral activity has been significantly 

impaired by knockdown of SIRT1 in peritoneal macrophages (198). SIRT1 has also 

been reported to be negatively regulated by miR-34a, which is recognized as a p53-

dependent tumor suppressor, negative mediate apoptotic cell uptake by resident 

murine and human tissue macrophages. Another study demonstrated that SIRT1 

knockdown in bone marrow-derived macrophages modestly reduced the ability of 

bacterial killing (199). However, pharmacologic activation or inhibition of SIRT1 does 

not change bacterial killing capacity of mouse- or human-derived intraperitoneal 

macrophages and alveolar macrophages (199). Further study needs to be done to 

understand how SIRT1 regulates efferocytosis and killing as well as what causes the 

different effects of SIRT1 on the phagocytosis and killing. 
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SIRT1 regulates autophagy in macrophages 

   Autophagy is an intracellular self-digestion process pathways that degrade 

lysosomes to recycle soluble macromolecules and damaged organelles and has been 

recently shown to regulate inflammatory responses. Macrophages involved in the 

inflammatory process and autophagy exerts a protective effect against cellular 

stresses such as atherosclerosis (200). SIRT1 could influence autophagy directly 

through its deacetylation of Atgs (as Atg5, Atg7 and Atg8 which are autophagy proteins 

required for the formation and elongation of the autophagosomal membrane) and is 

NAD+ dependent (201, 202). Nucleus-localized SIRT1 has also been demonstrated 

to enhance the expression of autophagy pathway components via  the activation of 

FoxO transcription factors (203). Resveratrol treatment can induce both 

autophagosomes and autophagy marker proteins such as Atg5, Atg7 and LC3-II/LC3-

I by a moderate stimulus of oxidized low-density lipoprotein, and enhance efferocytosis 

of apoptotic RAW264.7 cells (204). In human THP-1 cells, treatment with Sirtinol (a 

chemical inhibitor of SIRT1) induced inflammation through NF-kB activation and is 

associated with autophagy dysfunction, through p62/Sqstm1 accumulation and 

decreased expression of light chain (LC) 3 II. In addition, inhibition of SIRT1 resulted 

in the activation of the mammalian target of rapamycin (mTOR) pathway and 

decreased 5'-AMP activated kinase (AMPK) activation, leading to the impairment of 

autophagy (205). Studies also suggested that SIRT1-mediated autophagy is one of 

the mechanisms of metformin treatment ameliorate hepatosteatosis in type 2 diabetic 

ob/ob mice (206). Also, silencing of SIRT1 expression by siRNA inhibited gAcrp-
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induced nuclear translocation of FoxO3A and LC3II protein expression, indicating that 

SIRT1 expression contributes to autophagy in RAW 264.7 macrophages (207). Further 

studies are needed to characterize the detailed mechanism of SIRT1 dysregulation of 

autophagy in macrophages. 

 

SIRT1 attenuated nitric oxide (NO) production 

    NO (Nitric oxide, nitrogen oxide, nitrogen monoxide) is a diffusible radical gas 

produced by the activity of a group of enzymes known as nitric oxide synthase (NOS). 

Nitric oxide (NO) is a critical mediator of macrophage function. NOS activity in 

macrophages has a protective role against invading pathogens through generation of 

reactive nitrogen intermediates (RNIs). Compared with wild-type control mice, iNOS-

deficient mice exhibited enhanced classically activated M1 macrophage polarization 

but no major effects on alternatively activated M2 macrophages; eNOS and nNOS 

mutant mice also displayed comparable M1 macrophage differentiation (208). iNOS 

inhibition by N6-(1-iminoethyl)-L-lysine dihydrochloride in tumor microenvironment 

facilitated M1 macrophage polarization, resulting in the decrease of tumor size (208). 

SIRT1 activation by celecoxib inhibit Nitric oxide (NO) and activates catalase as well 

as peroxidase enzymes and inhibits bacterial inflammation in in RAW 

264.7 macrophages (208). Ectopic expression of constitutively active FoXO in 

RAW264.7 cells enhances LPS-induced gene expression of iNOS. A gene-specific 

shRNA depletion of FoXO transcription factors expression prevented this effect and 

SIRT1 deacetylation of FoXO can reverse it (136, 209). In the M1 polarization condition, 

https://en.wikipedia.org/wiki/Nitrogen_oxide
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iNOS expression was significantly increased in BMMs from mSIRT1 KO mice (189).  

 

   In summary, there are still many questions to establish the role of SIRT1 in 

regulation of macrophage function. Further studies on the detailed mechanism and 

development of new techniques for probing the role of SIRT1 in macrophage are 

needed. The future goal is clinical application of SIRT1 in treating chronic inflammation 

and it holds substantial therapeutic promise. 
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CHAPTER 2: SIRT1-PGC1-NFB pathway of oxidative and inflammatory 

stress during Trypanosoma cruzi infection:  benefits of SIRT1-targeted 

therapy in improving heart function in Chagas disease 

 

2.1 Introduction 

Trypanosoma cruzi (T. cruzi or Tc) is the etiological agent of Chagas disease that 

is endemic in Latin America (1). After an exposure to parasite, infected individuals 

develop mild-to-no overt clinical symptoms. However, several decades later, ~30% of 

the infected individuals progress to heart failure associated with cardiac fibrosis, 

ventricular dilation, and thrombosis (210, 211). Vectors infected with T. cruzi are also 

present in the southern US (212), and CDC estimates that >300,000 infected 

individuals are living in the US (3, 213). Currently only two drugs are available for the 

treatment of T. cruzi infection: nifurtimox and benznidazole. These drugs are curative 

in early infection phase, but exhibit high toxicity and limited-to-no efficacy against 

chronic infection (214). Thus, there is a need for new drugs for the treatment of chronic 

Chagas disease.  

  

Mitochondria are the prime source of energy, providing ATP through oxidative 

phosphorylation (OXPHOS) pathway. A high copy number of mitochondrial DNA 

(mtDNA), reported to be ~6500 copies per diploid genome in myocardium (215), as 

well as the integrity of each mtDNA molecule is required to meet the high energy 

demand of the heart (216). The mtDNA encodes 13 proteins that are essential for the 
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normal assembly and function of the respiratory chain complexes. Peroxisome 

proliferator-activated receptor gamma coactivator-1 (PGC1) is a member of the 

PGC family of transcription coactivators. PGC1 plays an important role in the 

expression of nuclear DNA and mtDNA encoded genes that drive mitochondrial 

biogenesis and increase the oxidative phosphorylation (OXPHOS) capacity (217). 

Recently, we showed the mitochondrial respiratory chain activity and oxidative 

phosphorylation capacity were compromised in the myocardium of chronically infected 

rodents (53). Further, mtDNA content and mtDNA encoded gene expression were 

decreased in Tc-infected cardiac myocytes and cardiac biopsies of chagasic patients 

(218). Whether PGC1 activation of mitochondrial biogenesis and oxidative 

metabolism is compromised in CCM is not known.   

 

Besides mitochondrial metabolic defects, chronic oxidative and inflammatory 

stress are hallmarks of Chagas disease. Acute infection by T. cruzi results in intense 

inflammatory activation of macrophages and CD8+T lymphocytes accompanied by 

increased expression of inflammatory mediators such as cytokines, chemokines, and 

nitric oxide synthase (NOS) in the heart (reviewed in (219, 220)). Further, reactive 

oxygen species (ROS) are produced by neutrophils and macrophages activated by T. 

cruzi infection (220). Besides infiltration of inflammatory infiltrate, cardiomyocytes are 

also reported to produce cytokines and mitochondrial ROS in response to T. cruzi 

infection (221, 222). The ROS induced adducts of DNA, protein and lipids were 

exacerbated in the myocardium of chronically infected rodents and human patients 
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(218, 223). NFB transcriptional factor signals oxidative and inflammatory responses 

(224), though mechanistic role of NFB in chronic oxidative and inflammatory stress 

during CCM is yet to be elucidated. 

 

 Sirtuin 1 (SIRT1) is a highly conserved member of the family of NAD+-dependent 

Sir2 histone deacetylases, which deacetylates PGC1 at multiple lysine sites, 

consequently increasing PGC1 activity (225). SIRT1 has also been reported to sense 

the redox shifts and integrate mitochondrial metabolism and inflammation through 

post-transcriptional regulation of the transcription factors and histones (226). Several 

small molecule agonists of SIRT1 have been reported in literature. For example, 

resveratrol (3,5,4'-trihydroxy-trans-stilbene), a polyphenol found in red grape skins and 

red wine, is a natural agonist of SIRT1, and has been shown to increase mitochondrial 

number and the expression of genes for oxidative phosphorylation (227). SRT1720 is 

a selective small molecule activator of SIRT1 and it is 1,000-fold more potent than 

resveratrol (228). SRT1720 has been demonstrated to improve mitochondrial 

oxidative metabolism (229), and attenuate aging-related cardiac myocyte dysfunction 

(230). 

 

In this study, we aimed to determine whether treatment with SIRT1 agonists will 

be beneficial in improving the heart function in Chagas disease. C57BL/6 mice were 

infected with T. cruzi, and treated with small molecule agonists of SIRT1. We 

demonstrate the therapeutic window of the efficacy of SIRT1 agonists in arresting the 
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cardiac dysfunction in chagasic mice. Our results demonstrate a link between SIRT1, 

PGC1, and NFB in regulating ROS and inflammatory responses during T. cruzi 

infection and CCM. 

  

2.2 Material and methods 

Ethics statement  

All animal experiments were performed according to the National Institutes of 

Health Guide for Care and Use of Experimental Animals, and approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Texas 

Medical Branch, Galveston (protocol number: 0805029).  

  

Mice and parasites and cell culture 

All chemicals were of molecular grade, and purchased from Sigma-Aldrich (St. 

Louis, MO) unless otherwise stated. T. cruzi trypomastigotes (SylvioX10 strain, ATCC 

50823) were propagated by in vitro passage in C2C12 cells. C57BL/6 mice were 

purchased from Harlan Laboratories (Indianapolis, IN).  Mice (6-weeks-old) were 

infected with T. cruzi (10,000 trypomastigotes/mouse, intraperitoneal), and harvested 

at days 150 post-infection (pi) corresponding to chronic disease phase. To enhance 

the SIRT1 activity, two approaches were applied. One, mice were treated with 

resveratrol (20 mg/ml in drinking water) for three weeks, during days 90-111 pi. Two, 

mice were given SRT1720 (1 mg/100 µl/mouse, intraperitoneally, Selleck Chemicals, 

Houston, TX) three times a week during days 45-66 pi. Tissue samples were stored at 
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-80oC. Protein levels were determined by using the Bradford Protein Assay (Bio-Rad, 

Hercules CA). 

 

Human cardiomyocytes were cultured and maintained in Dulbecco's modified 

Eagle's medium/F-12 medium with 12.5% fetal bovine serum.  Cardiomyocytes were 

seeded in T75 flasks (3×106 cells per flask, 70% confluence), and infected with T. 

cruzi trypomastigotes (cell: parasite ratio, 1:3). Cells were incubated in presence or 

absence of SIRT1 agonist (1 µM SRT1720) and NF-B inhibitor (50 µM emodin) for 

24 h.  

 

Echocardiography assessment of LV function  

Mice were continuously anesthetized by inhalant 1.5% isoflurane/100% O2 to 

maintain a light sedation level. Mice were placed supine on an electrical heating pad 

at 37°C and heart rate and respiratory physiology were continuously monitored by 

electrocardiography. Mice chests were shaved, and warm ultrasound gel was applied 

to the area of interest. Transthoracic echocardiography was performed using the Vevo 

2100 ultrasound system (Visual Sonics, Toronto, Canada) equipped with a high-

frequency linear array transducer (MS400, 18-38 MHz) (231). Heart was imaged in B-

mode and M-mode to examine the parameters of left ventricle (LV) in diastole (-d) and 

systole (-s). All measurements were obtained in triplicate and acquired in long-axis 

and short-axis views. Data were analyzed by using Vevo 2100 standard measurement 

software. 
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Histology 

 Histological preparation and staining of the tissues was performed at the Research 

Histopathology Core at the UTMB. Briefly, tissue sections were fixed in 10% buffered 

formalin, dehydrated in absolute ethanol, cleared in xylene, and embedded in paraffin. 

Five-micron tissue sections were subjected to Masson’s Trichrome or Hematoxylin and 

Eosin (H&E) staining, and evaluated by light microscopy using an Olympus BX-15 

microscope equipped with a digital camera and Simple PCI software (v.6.0, Compix, 

Sewickley, PA). In general, we analyzed each tissue section for >10 microscopic fields 

(20X magnification), and examined three different tissue sections/mouse (4 

mice/group). The collagen area as a percentage of the total myocardial area was 

assessed as a measure of fibrosis. All pixels with blue stain in Masson’s trichrome-

stained sections were selected to build a binary image, subsequently calculating the 

total area occupied by connective tissue. Sections were categorized based on percent 

fibrotic area as: (0) <1%, (1) 1 – 5%, (2) 5 – 10%, (3) 10 – 15%, and (4) >15% (232).  

 

Myocarditis (presence of inflammatory cells) was scored as 0 (absent), 1 

(focal/mild, ≤1 foci), 2 (moderate, ≥2 inflammatory foci), 3 (extensive coalescing of 

inflammatory foci or disseminated inflammation), and 4 (diffused inflammation, tissue 

necrosis, interstitial edema, and loss of integrity). Inflammatory infiltrate was 

characterized as diffused or focal depending upon how closely the inflammatory cells 

were associated (232). 
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Gene expression analysis 

Heart tissue sections (10 mg) were homogenized in 500 µl of TRIzol reagent 

(Invitrogen, Carlsbad, CA), and RNA was extracted by chloroform/isopropanol/ethanol 

method. Total RNA (2 µg) was reverse transcribed by using poly(dT)18 with an 

iScript™ kit (Bio-Rad). The cDNA was utilized as template with SYBR-Green super-

mix (Bio-Rad), and real time quantitative PCR (qPCR) was performed on an iCycler 

Thermal Cycler. The gene-specific oligonucleotide pairs used for amplifying the 

mRNAs are listed in supplemental Table S1. The PCR Base Line Subtracted Curve Fit 

mode was applied for threshold cycle (Ct), and mRNA level was calculated by iCycler 

iQ Real-Time Detection Software (Bio-Rad). The Ct values for target mRNAs were 

normalized to geometric mean of GAPDH mRNA, and the relative expression level of 

each target gene was calculated as 2−ΔCt, where ΔCt represents the Ct (sample) - Ct 

(control) (233, 234). 

 

Tissue and cell homogenates and fractionation  

Freshly harvested heart tissue sections (30 mg) were washed with ice-cold Tris-

buffered saline and homogenized in RIPA buffer (tissue: buffer ratio, 1: 10, w/v) [17]. 

Homogenates were centrifuged for 10 min at 10,000 g, and supernatants were stored 

at −80°C. For the preparation of nuclear and cytosolic fractions, heart tissue sections 

(50 mg) were homogenized in ice-cold HMK buffer (10 mM HEPES pH 7.9, 1.5 mM 

MgCl2, 10 mM KCl) containing 1 mM DTT and 1% Protease Inhibitor Cocktail (Sigma-
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Aldrich). Tissue lysates were centrifuged at 4oC, 10000 g for 20 min and supernatants 

stored as a cytosolic fraction. The pellets were re-suspended in HMK buffer containing 

0.42 M NaCl, 0.2 mM EDTA, and 25% (v/v) glycerol, centrifuged at 4oC, 20, 000 g for 

5 minutes, and nuclear fractions were stored at −80°C. 

Cardiomyocytes were infected with T. cruzi and incubated in presence or absence 

of SRT1720 (with 1 µM) for 24 h. Cells were lysed for 30 min on ice in lysis buffer 

containing 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 

2.5 mM KH2PO4, and 1 mM Na3VO4. Cell lysates were centrifuged at 3000 g at 4°C 

for 15 min and the resultant supernatants were stored at −80°C. For the preparation 

of nuclear and cytosolic fractions, cells (7×106/ml) were incubated on ice for 30 

minutes in buffer A (10 mM HEPES, pH 7.9, 10 mM NaCl, 0.1 mM EDTA, 0.1 mM 

EGTA, 1 mM DTT, 1 mM PMSF) containing 0.625% NP-40 and 1% protease inhibitor 

cocktail. Cell lysates were centrifuged at 4°C at 10,000 g for 1 min and supernatants 

stored as a cytosolic fraction. Pellets were washed with buffer A containing 1.7 M 

sucrose, re-suspended in buffer B (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 

1 mM EGTA, 1 mM DTT, and 1 mM PMSF), and centrifuged at 4°C at 13 000 g for 5 

minutes. The resultant supernatants were stored at −80°C as nuclear extracts. 

 

Western blotting 

Heart or cell homogenates and nuclear fractions (30 µg protein) were 

electrophoresed on a 4-15% Mini-Protein® TGXTM gel using a Mini-PROTEAN 

electrophoresis chamber (Bio-Rad), and proteins were transferred to a PVDF 
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membrane using a Criterion Trans-blot System (Bio-Rad). Membranes were blocked 

with 50 mM Tris, 150 mM NaCl (TBS) containing 5% non-fat dry milk (NFDM), washed 

three times for 10 min each with TBS - 0.1% Tween 20 (TBST), and incubated 

overnight at 4oC with antibodies against CYTB (Santa Cruz Biotech, Dallas, TX, 

sc11436), COI (Abcam, Cambridge, UK, ab147053), GAPDH (Cell signaling, Danvers, 

MA, 3683), 4-hydroxynonenal (4HNE, Alpha Diagnostic Inc, San Antonio, TX, HNE11-

S), iNOS (Abcam, ab49999), Lamin A/C (Santa Cruz, sc20681), NF-B-p65 subunit 

(Santa Cruz , F-6 clone, sc-8008); NF-B-acetyl- p65 (Abcam, acetyl K310 clone, 

ab198703), nitrotyrosine (3NT, Merck Millipore, Billerica, MA, 06-284),  NRF1 (Santa 

Cruz, sc33771), Nrf2 (Santa Cruz, sc722), PGC1 (Santa Cruz, sc13067), POLG 

(Santa Cruz, 390634), SIRT1 (Abcam, ab32441), TOP1 (Abcam, ab3825),  IL-10 (A2, 

Santa Cruz, sc-365858)  and anti-acetylated-lysine antibody (Cell Signaling, 9441). 

All antibodies from Santa Cruz were used at 1:200 dilution in TBST-5% NFDM. All 

other antibodies were used at 1:1000 dilution in TBST-5% NFDM. Membranes were 

washed as above, incubated with HRP-conjugated secondary antibody (1:10,000 

dilution, Southern Biotech, Birmingham, AL), and images were acquired by using an 

ImageQuant LAS4000 system (GE Healthcare, Pittsburgh, MA). Immunoblots were 

subjected to Ponceau S staining to confirm equal loading of samples. Densitometry 

analysis of protein bands of interest was performed using a Fluorchem HD2 Imaging 

System (Alpha-Innotech, San Leandro, CA), and normalized against GAPDH (tissue 

homogenates) or Lamin A/C (nuclear fractions).  
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SIRT1 activity  

  SIRT1 deacetylase activity was measured by using a SIRT1 Fluorometric Assay 

Kit (Abcam, ab156065). Briefly, nuclear fractions (100 µg) isolated from heart tissues 

were added to acetylated Lys382 p53 peptide (50 µl) that is coupled with fluorophore 

and quencher at the amino terminal and carboxyl terminal, respectively. The reaction 

was initiated with addition of 100 µl NAD+, and SIRT1 dependent deacetylation of the 

substrate peptide coupled with its digestion by the action of proteases, and 

fluorescence release recorded. The fluorescence intensity (Ex350nm/Em440nm) was 

measured at two min intervals for 60 minutes using a SpectraMax M5 microplate 

reader (Molecular Devices, Sunnyvale CA). Standard curve was prepared with 

recombinant SIRT1 (0-120 ng), and results were presented as relative fluorescence 

units per µg protein. 

 

Mitochondrial DNA (mtDNA) and T. cruzi DNA (TcDNA)   

 Tissue sections (5 mg) were subjected to Proteinase-K lysis, and total DNA was 

purified using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).  Total DNA 

(20 ng) was utilized as template with SYBR Green Super-mix (Bio-Rad) and primer 

pairs specific for mtDNA-encoded cytochrome b (CYTB) and cytochrome oxidase 2 

(COII) regions, and real-time qPCR was performed on an iCycler thermal cycler. The 

mtDNA content was normalized to β-globin nuDNA. For the evaluation of parasite 

burden, Tc18SrDNA-specific primers were utilized for qPCR, and data were 

normalized to GAPDH. 
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Citrate synthase (CS) activity is a sensitive measure of mitochondrial mass, and 

was measured by using the MitoCheck Citrate Synthase Activity Assay Kit (Cayman, 

Ann Arbor, MI) following the protocol provided by the manufacturer. 

 

Oxidant and antioxidant levels 

    To measure the total H2O2 levels, tissue homogenates (100 µg) were added in 

triplicate to flat-bottom (dark-walled) 96-well plates. The reaction was started with 

addition of 33-µM amplex red (10-acetyl-3, 7-dihydroxyphenoxazine) and 0.1U/ml 

horseradish peroxidase (final reaction volume: 150 µl). The oxidation of amplex red to 

fluorescent resorufin by H2O2 (Ex563nm/Em587nm) was recorded on a SpectraMax M2 

microplate reader (Molecular Devices). Standard curve was prepared with 0-5 μM 

H2O2. 

 

Advanced oxidation Protein Products (AOPP) are produced through the reaction 

of proteins with chlorinated oxidants (e.g. chloramines, hypochlorous acid), and 

provide a sensitive measure of total oxidative stress. AOPP contents were assayed by 

using the OxiSelect AOPP Assay Kit (Cell Biolabs, San Diego, CA). Briefly, tissue 

homogenates (10 µg) were mixed with 10 µl of 1.16 M KI and 20 µl of 100% acetic 

acid (final volume: 200 µl). Reaction was stopped after 5 min and absorbance was 

recorded at 340 nm. AOPP concentration was expressed as chloramine-T equivalents 

(standard curve: 0–100 µmol chloramine-T/ml) (235). 
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A commercially available kit (Abcam ab65329) was utilized to measure the total 

antioxidant capacity (TAC). The assay uses lag time by antioxidants against the 

myoglobin-induced oxidation of 2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonic acid 

(ABTS) with H2O2. Briefly, 20 µl of tissue homogenates (diluted 1:20, v/v) were added 

in triplicate to 96-well plates, and mixed with 90 µl of 10 mM PBS (pH 7.2), 50 µl of 

myoglobin solution, and 20 µl of 3 mM ABTS. Reaction was initiated with H2O2 (20 µl) 

and change in color monitored at 570 nm (standard curve: 2-25 µM trolox). 

 

Transient transfection and NFB activity assay 

 

The NFB-TATA-luciferase reporter plasmid was graciously provided by Dr. Shao-

Cong Sun (University of Texas MD Anderson Cancer Center). The pRL-TK vector 

containing Renilla luciferase (positive control) was purchased from Promega 

(Madison, WI). HEK-293 cells (CRL-1573, ATCC Manassas, VA) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) media in T75 flasks. Cells were seeded 

in 96-well tissue culture plates (2.5X104 cells/well), allowed to adhere for 1 h, and 

acclimatized overnight to antibiotic-free Opti-MEM medium. Cells were transfected 

with NFB-TATA-luciferase (100 ng) and pRL-TK (10 ng) using Lipofectamine 2000 

(Invitrogen) according to the instructions provided by the manufacturer. After 6 h of 

incubation, cells were washed, replenished with complete medium for 3-5 h, and then 

infected with T. cruzi (cell: parasite ratio, 1:3). Cells were incubated in presence or 

absence of 1 µM each of SRT1720 for 24 h. The relative NFB transcriptional activity 
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was measured by using a Dual Luciferase Reporter Assay System (Promega, 

Madison, WI) and data were normalized to Renilla luciferase activity. 

 

Data analysis 

All experiments were conducted with triplicate observations per sample (n=6 mice 

per group per experiment, at least two experiments per group), and data are 

expressed as mean ± standard deviation (SD). All data were analyzed using 

GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Data were analyzed by 

Student’s t test (comparison of 2 groups) and one-way ANOVA with Tukey’s test 

(comparison of multiple groups). Significance is presented by * (infected vs. normal) 

or # (infected/treated vs. infected/untreated) (*, #p<0.05, **,##p<0.01, ***,###p<0.001). 

 

 

2.3 Results 

We first determined if enhancing the SIRT1 activity would preserve the cardiac 

function in Chagas disease. Mice were infected with T. cruzi and then treated with 

resveratrol or SRT1720 as described in Materials and Methods. In vivo transthoracic 

echocardiography was performed at ~150 days pi to evaluate the changes in LV 

function (Table 1, Fig 1). Chagasic mice, as compared to normal controls, exhibited a 

substantial increase in LV end systolic volume (ESV, >2-fold), and a decline in stroke 

volume (SV, 35%), cardiac output (CO, 59%), and ejection fraction (EF, 33%) (Fig 1.a-

d, all, p<0.001). The LV internal diameter at systole (LVIDs) was increased by >2-fold, 

and consequently, fractional shortening (FS) was decreased by 53% in chagasic (vs. 
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normal) mice (Fig 1.e&f, p<0.001). The Tc-infected/SRT1720-treated mice, in 

comparison to normal controls, exhibited only 20%, 27% and 16% decline in SV, CO, 

EF, respectively, that were not statistically significant. In comparison to Tc-

infected/untreated mice, infected/SRT1720-treated mice exhibited 55% decline in ESV 

and 29%, 33%, 37%, and 36% increase in SV, CO, EF, and FS, respectively (Fig 1A.a-

e, Table 1, all, #p<0.05-0.001). Tc-infected/resveratrol-treated mice (vs. 

infected/untreated mice) exhibited a moderate (up to 20%) but significant improvement 

in Tc-induced loss in ESV, SV and CO; and a modest, but statistically insignificant, 

improvement in EF and FS (S1 Fig, panels a-f). These results suggested that 

SRT1720 treatment was effective in arresting the LV dysfunction in chagasic mice. 

Resveratrol provided a partial recovery of cardiac output in Tc-infected mice.    
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Echocardiography imaging in M mode was performed to gain an anatomo-

pathological view of the heart in chronically infected mice. These data showed that 

systolic and diastolic thickness of inter-ventricular septum (IVS), LV area, and LV mass 

were increased by 44%, 40%, 28%, and 28% respectively, while LV posterior wall 

(LVPW) was thinned by 41% in chagasic (vs. normal) mice (Fig 2.Aa-e, all, p<0.001, 

Table 1). Histological evaluation of the tissue sections subjected to Masson's 

Trichrome staining showed an increase in diffused collagen deposition in chagasic 

myocardium (score: 4.0 ± 0.4 vs. 0.3 ± 0.04, Tc-infected vs. normal controls, p<0.05, 

Fig 2B.a&b). An increase in cardiac fibrosis in chagasic myocardium was also 

evidenced by 1.6-fold, 1.8-fold and 3.2-fold increase in mRNA levels for COLI, COLIII, 

and αSMA, respectively (Fig 2C.a-c, all, p<0.01). In infected/SRT1720-treated mice, 

LV area (systole) was normalized (Fig 2A.e, #p<0.05), though SRT1720 treatment 

provided no benefits in normalizing the IVS and LVPW thickness and LV mass in 

chagasic mice (Fig 2A). The myocardial deposition of collagen (score: 2.5 ± 0.8) and 

collagen-related gene expressions were also not significantly changed in SRT1720-

treated (vs. untreated) chagasic mice (Fig 2B&C). Chagasic mice treated with 

Figure 2.1. SRT1720 treatment improved the left ventricular function in chagasic mice.  C57BL/6 

mice were infected with Trypanosoma cruzi (10,000 Tc/mouse, ip), and treated with SRT1720 (SIRT1 

agonist) during 45-66 days post-infection (pi), as described in Materials and Methods. Transthoracic 

echocardiography was performed by using a Vevo 2100 System to assess the left ventricular (LV) 

function at ~150 days pi. Shown are LV (a) end systolic volume (ESV), (b) stroke volume (SV), (c) 

cardiac output (CO), (d) ejection fraction (EF), (e) LV internal diameter at systole (LVIDs), and (f) 

fractional shortening (FS). Detailed data are presented in Table 1. For all figures, bar graphs show mean 

± SD (n=6-10 mice per group per experiment, triplicate observations per mouse per treatment, two 

experiments per group). Significance (*normal control vs. Tc-infected, #Tc-infected vs. Tc-

infected/SRT1720-treated) was calculated by one-way ANOVA with Tukey’s test and shown as 

*,#p<0.05, **,##p<0.01, ***,###p<0.001. 
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resveratrol also exhibited modest control of LV mass, but no improvement in the IVS 

and LVPW thickness and LV area (S2 Fig, panels a-e, Table 1). Together, the results 

presented in Fig 2 and S2 Fig suggested that a) an increase in passive stiffness 

(enhanced ESV, IVSs, IVSd, LVIDs) alongside thinning of the LVPW contributed to 

depressed LV function in chagasic mice, and b) SRT1720 benefits in arresting the LV 

dysfunction were not delivered through control of cardiac collagenosis and 

hypertrophy in chagasic mice.  
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        T. cruzi infection results in respiratory chain inefficiency in mice and humans 

Figure 2.2. Effects of SRT1720 on cardiac remodeling in chagasic disease. Mice were infected 

with T. cruzi, treated with SRT1720, and examined at 150 days pi. (A) Cardiac structural changes 

were analyzed by echocardiography using a Vevo 2100 System. Shown are systolic (-s) and 

diastolic (-d) values for inter-ventricular septum (IVS) thickness (a&b), LV posterior wall (LVPW) 

thickness (c), LV mass (d), and LV area (e) in chronically infected mice. (B) Representative images 

show Masson's Trichrome staining of the heart tissue sections from (a) normal control, (b) Tc-

infected, and (c) infected/ SRT1720-treated mice.  (C) Quantitative real-time RT-PCR for collagen 

isoforms (COLI and COLIII, panel a&b) and alpha smooth muscle actin (αSMA, panel c). Data were 

normalized to GAPDH mRNA.  Significance was calculated and presented as in Fig 1. 
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(236, 237). SIRT1 deacetylates PGC1, and PGC1 coactivation of nuclear 

respiratory factor (NRF1) signals the expression of key metabolic genes required for 

respiration and mtDNA transcription and replication. Western blotting showed the total 

and nuclear levels of SIRT1, PGC1 and NRF1 proteins were either increased or not 

changed in the myocardium of infected/untreated and infected/SRT1720-treated mice 

as compared to that noted in normal controls (Fig 3A&B.a&b). However, total and 

nuclear concentration of acetylated PGC1 (inactive form) were increased by >9-fold 

(Fig 3A&B.a&b, p<0.01), and associated with a 53% decline in SIRT1 activity (Fig 3C, 

p<0.05) in the myocardium of chronically infected (vs. normal) mice. SRT1720 

treatment of chagasic mice resulted in 84% and 58% decline in total and nuclear levels 

of the acetylated PGC1 level, respectively (Fig 3A&B, #p<0.001) and 60% increase 

in SIRT1 activity (Fig 3C, #p<0.05). The changes in mitochondrial biogenesis were 

examined by measuring the mitochondrial markers at the DNA, gene expression and 

protein levels. The mtDNA levels for CYTB and COII sequences, normalized to nuclear 

DNA sequence for β-globin, were decreased by 25% and 24%, respectively, in the 

myocardium of chronically infected mice (Fig 4A.a&b, *p<0.05). No difference in the 

citrate synthase activity, a marker of mitochondrial mass, was noted in chagasic vs.  
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Figure 2.3. SIRT1 activity and nuclear localization of SIRT1, PGC1, and NRF1 in chagasic 

mice (± SRT1720). Mice were infected with T. cruzi, treated with SRT1720, and harvested at ~150 

days pi. Heart homogenates (A) and nuclear fractions (B) from normal and Tc-infected mice 

(±SRT1720 treatment) were submitted to Western blotting. Shown are representative immunoblots 

for myocardial (A.a) and nuclear (B.a) expression level of SIRT1, PGC1 (total and acetylated), 

and NRF1 in three mice per group. GAPDH and Lamin A/C were analyzed as controls. Densitometry 

analysis of bands from total homogenates (normalized to GAPDH) and nuclear fractions 

(normalized to Lamin A/C) was performed using the data from all mice in a group from two 

independent experiments and presented as mean value ± SD in A.b and B.b, respectively. (C) 

SIRT1 deacetylase activity in heart homogenates. Significance was calculated and presented as in 

Fig 1. 
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normal mice. The mRNA levels for mtDNA encoded ND1, COIII, and ATP6 subunits 

that are essential components of the CI, CIV, and CV respiratory complexes and 

required for maintaining the oxygen consumption and coupled OXPHOS, were 

decreased by 34%, 55% and 54%, respectively, in chagasic (vs. normal) murine 

myocardium (Fig 4B.a-c, *p<0.05). The protein levels of mtDNA-encoded CYTB and 

COI were also decreased by 60% and 33%, respectively, in chagasic myocardium (Fig 

4C.a&b, *p<0.01). The decline in OXPHOS-related transcripts could be a result of 

changes in mtDNA replication/transcription efficiency. Our data showed the myocardial 

mRNA levels for mtDNA replication machinery, POLG1, SSBP1, and TOP1, were 

decreased by 51%, 47%, and 37%, respectively, in chagasic (vs. normal) mice (Fig 

4B.d-f, *p<0.05). We also noted 35%-90% decline in POLG and TOP1 protein levels 

in chagasic mice (Fig 4C.a&b, *p<0.01). Treatment with resveratrol resulted in 30-40% 

increase in mtDNA level (S3 Fig, panels A.a&b, #p<0.05) and 40-55% increase in 

mRNA levels for mtDNA encoded ND1, COIII, and ATP6 genes (S3 Fig, panels B.a-c, 

#p<0.05), and no significant improvement in the mRNA levels for POLG1, SSBP1 and 

TOP1 (S3 Fig, panels B.d-f) in chagasic mice. Surprisingly, SRT1720-treated/chagasic 

mice exhibited no significant improvement in the PGC1/NRF1-dependent mtDNA 

content (COII and CYTB levels, Fig 4A.a&b), mtDNA encoded gene expression (ND1, 

COIII, ATP6, Fig 4B.a-c), and mtDNA replication machinery (Fig 4B.d-f) that were 

compromised in the myocardium of chagasic mice. Likewise, protein levels of the 

mtDNA-encoded proteins (e.g. CYTB, COI) and the mtDNA replication/transcription 
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machinery (POLG1, TOP1) were not improved in SRT1720-treated chagasic mice (Fig 

4C.a&b). Together, the results presented in Fig 3, Fig 4 and S3 Fig suggested that a) 

mtDNA content and mRNA and protein levels of the mtDNA-encoded genes were 

significantly decreased in the myocardium of chronically infected mice, and this 

outcome was associated with a decline in mtDNA replication machinery, and b) 

SRT1720 treatment was effective in activation of SIRT1/PGC1 in the chagasic 

myocardium. However, c) SRT1720-mediated increase in SIRT1 activity and 

deacetylated PGC1 did not improve the mitochondrial biogenesis in chagasic mice.  
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        We next determined if SIRT1 agonists controlled the chronic oxidative and 

inflammatory stresses that are hallmarks of Chagas disease (53). Fluorometric 

evaluation of ROS showed 2.3-fold increase in H2O2 levels in the myocardial 

homogenates of chronically infected (vs. normal) mice (Fig 5A, *p<0.001). Advanced 

oxidation protein products (AOPPs) are formed by HOCl-induced chlorination of 

amines and considered a biomarker of inflammatory and oxidative pathology. Our data 

showed a 57% increase in AOPP content in chagasic (vs. normal) myocardium (Fig 

5B, *p<0.01). The expression of inducible NOS (iNOS, a major source of nitric oxide) 

and the levels of the oxidative/nitrosative stress markers 4-hydroxynonenal (4HNE) 

and 3-nitrotyrosine (3NT) were increased by 20-fold, 10-fold, and 8-fold, respectively, 

in chagasic (vs. normal) myocardium (Fig 5C.a&b, all, p<0.001). In contrast, protein 

level of Nrf2 (transcriptional regulator of antioxidant gene expression) and total 

antioxidant capacity were decreased by 60% and 41%, respectively, in chagasic (vs. 

normal) myocardium (Fig 5C&D, *p<0.001). Resveratrol treatment was not effective in 

controlling the chronic oxidative stress in chagasic mice (S4 Fig, panels a&b). However, 

SRT1720 treatment resulted in a 57% and 90% decline in Tc-induced H2O2 and AOPP 

 

Figure 2.4. Mitochondrial biogenesis is compromised in chagasic mice (± SRT1720). C57BL/6 

mice were infected with T. cruzi, treated with SRT1720, and harvested during chronic disease phase 

(150 days pi) (A) Myocardial mtDNA content was determined by real-time quantitative PCR 

amplification of CYTB (panel a) and COII (panel b) regions of mtDNA, and normalized to β-globin 

nuDNA. (B) Real-time quantitative RT-PCR for mtDNA-encoded transcripts (ND1, COIII, ATP6, a-c 

panels) and mtDNA replication/transcriptional machinery (POLG1, SSBP1, TOP1, d-f panels). For 

each target gene, Ct values were normalized to GAPDH expression. (C) Shown are representative 

immunoblots for CYTB, COI, POLG, TOP1 and GAPDH (panel a). Densitometry analysis of the 

signal, normalized to GAPDH, is shown in panel b. Significance was calculated and presented as 

in Fig 1. 
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levels, respectively (Fig 5A&B, #p<0.01); 76%, 64% and 62% decline in Tc-induced 

iNOS, 4HNE and 3NT levels, respectively (Fig 5C.a&b, all #p<0.01); and 57% and 50% 

improvement in Tc-induced loss in Nrf2 expression and antioxidant capacity, 

respectively (Fig 5C&D, #p<0.05). These results suggested that SRT1720 activation 

of the SIRT1/PGC1 was beneficial in controlling the chronic oxidative stress in 

chagasic myocardium. 
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Histological studies showed the myocardial level of inflammatory infiltrate 

constituted of diffused inflammatory foci (histological score: 2-3) was increased in 

heart tissue of chronically-infected/untreated (vs. normal) mice (Fig 6A.a&b). Chagasic 

mice exhibited a high degree of myocardial degeneration with enlarged myocytes. The 

cytokine gene expression was predominantly of proinflammatory nature evidenced by 

9-fold, 3-fold and 2-fold increase in IFN, IL1β, and TNF-α mRNA (Fig 6B.a-c, all, 

*p<0.01) and 29% and 43% increase in IL10 and arginase 1 (Arg1) mRNA (Fig 6B.d&e, 

*p<0.05), respectively, in chagasic myocardium.  The myocardial IL10 protein level 

was increased by 3-fold in chagasic mice (Fig 6C.a&b, *p<0.05). Resveratrol treatment 

resulted in a modest (but not statistically significant) control of pro-inflammatory 

cytokine expression in chagasic heart (S5 Fig, panels a-c). However, myocardial 

inflammation was significantly subsided in infected/SRT1720-treated mice, evidenced 

by the detection of minimal tissue inflammatory infiltrate (histological score: 0-1, Fig 

6A.c). Further, SRT1720-treated chagasic mice exhibited 80%, 36% and 46% decline 

in the expression of IFN, IL1β and TNF, respectively (Fig 6B a-c, all, #p<0.05), and 

no change in the myocardial expression of IL10 and Arg1 (Fig 6B&C). Chronic 

Figure 2.5. Oxidant/antioxidant status in chagasic mice (± SRT1720). Mice were Tc-infected, 

SRT1720-treated, and heart tissue harvested, as in Fig 4. Cardiac homogenates were used to 

measure (A) ROS (H2O2) and (B) advanced oxidation protein products (AOPP) levels. (C) Shown 

in panel a are representative immunoblots for inducible nitric oxide synthase (iNOS), 4-

hydroxynonenal (4HNE), 3-nitrotyrosine (3NT), Nrf2, and GAPDH in cardiac homogenates of 

normal and Tc-infected (± SRT1720-treated) mice. Densitometry analysis of the western blot 

bands, normalized to GAPDH, is shown in panel b. (D) Total antioxidant capacity in cardiac 

homogenates. Significance was calculated and presented as in Fig 1. 
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persistence of parasite was noted in all infected mice, and was not changed by 

SRT1720 treatment (Fig 6D). These results suggested that SRT1720 was beneficial 

in attenuating the myocardial inflammatory infiltrate and proinflammatory cytokine 

response in chagasic mice.  
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        NFB family of transcription factors is of central importance in 

inflammation and immunity. Rel A (p65) is an important subunit of activated NFB 

dimers (p50/p65, p65/p65, and p65/c-Rel). Western blotting showed the nuclear 

level of NFB-p65 was increased by 76% in the myocardium of infected/untreated 

(Fig 7A.a&b, *p<0.05) mice, and normalized to control levels in infected/SRT1720-

treated mice (#p<0.05), thus suggesting that SIRT1 might regulate NFB 

activation in CCM. To verify this, we utilized an in vitro system. Cardiac myocytes 

were infected with T. cruzi and incubated for 24 h in presence or absence of 

SRT1720 or emodin (blocks IB degradation and p65/Rel A release for nuclear 

translocation). As in chagasic heart, no changes in total levels of p65 were noted 

in any of the treatment groups, while the cytosolic level of p65 was decreased in 

Tc-infected cells (Fig 7B). Further, the nuclear translocation of p65 and acetylated-

p65 were increased in Tc-infected cardiac myocytes (Fig 7B) and associated with 

7-fold and 5-fold increase in the mRNA levels for IL1β and IL6, respectively (Fig 

7C.a&b, *p<0.01). The Tc-induced cytokine gene expression was abolished by 

Figure 2.6. T. cruzi induced chronic inflammatory stress was controlled by SRT1720 

treatment. Mice were Tc-infected, SRT1720-treated, and harvested at 150 days pi. 

(A) Hematoxylin and Eosin staining of LV tissue sections from (a) control, (b) Tc-infected, and (c) 

Tc-infected/SRT1720-treated mice are shown (pink: muscle/cytoplasm/keratin, dark brown: 

mononuclear infiltration). (B) Myocardial expression levels of (a) IFN, (b) IL1β, and (c) TNFα, (d) 

IL10 and (e) Arg1 were determined by real-time quantitative RT-PCR. For each target gene, Ct 

values were normalized to GAPDH expression. (C) Shown in panel a are representative 

immunoblots for IL10 and GAPDH in cardiac homogenates of normal and Tc-infected (± SRT1720-

treated) mice. Densitometry analysis of the western blot band for IL10, normalized to GAPDH, is 

shown in panel b. (D) Myocardial level of parasite burden was determined by quantitative PCR 

amplification of the Tc18SrDNA sequence. Significance was calculated and presented as in Fig 1. 
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59%-72% by emodin treatment (Fig 7C.a&b, #p<0.05), thus, verifying the role of 

NFB in signaling inflammatory responses in infected cardiomyocytes. SRT1720 

treatment normalized the nuclear p65 content to control levels, substantially 

diminished the nuclear acetylated-p65 level (Fig 7B), and decreased the cytokine 

gene expression by 41%-43% (Fig 7C, #p<0.05) in infected cardiomyocytes. 

SRT1720 treatment also decreased the Tc-induced oxidative stress (iNOS, 4HNE, 

3NT) in cardiomyocytes (Fig 7D). We performed a dual reporter assay to evaluate 

the NFB activity. HEK293 cells were transiently transfected with NFB-TATA-

luciferase reporter plasmid and pRL-TK plasmid (expresses renilla luciferase, 

control for transfection efficiency), infected with T. cruzi for 24 h, and NFB-

dependent luciferase activity was monitored. These data showed the NFB-

dependent luciferase activity (normalized to renilla luciferase) was increased by 2-

fold in Tc-infected cells (Fig 7E, *p<0.01) and controlled by 66% when infected 

cells were treated with SRT1720 (Fig 7E, #p<0.05). Together, these results 

suggested that SIRT1 deacetylation of NFB-p65 regulated inflammatory 

responses that otherwise were pronounced in T. cruzi-infected cardiomyocytes.  

 

2.4 Discussion 

    In this study, we demonstrated that SIRT1 activity was decreased in chagasic 

heart, and treatment with SIRT1 agonist during a therapeutic window, i.e., after the 

immune control of acute parasitemia and before the onset of myocarditis, was 

beneficial in preserving cardiac function in CCM. The decline in SIRT1/PGC1 activity 
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was not the key mechanism in mitochondrial biogenic defects in Chagas disease, and 

therefore SIRT1-targeted therapy did not normalize the PGC1/NRF1-dependent 

mitochondrial biogenesis and cardiac remodeling in chagasic disease. Instead, SIRT1 

deacetylation of NFB-p65 repressed the Tc-induced inflammatory stress and 

preserved the antioxidant/oxidant balance in the myocardium of SRT1720-treated 

chagasic mice. Our results, to the best of our knowledge, provide the first evidence for 

potential utility of SRT1720 mediated protection of LV function in CCM. 
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        Others and we have shown the mitochondrial respiratory complexes and 

OXPHOS capacity are compromised in the cardiac biopsies of Tc-infected 

experimental animals and chagasic human patients (218, 223, 238).  Our findings in 

this study suggested that a decline in mitochondrial biogenesis constituted at least one 

of the mechanisms involved in OXPHOS inefficiency in Chagas disease. This is 

because mtDNA content as well as the expression of the mtDNA encoded genes at 

mRNA and protein levels were significantly suppressed in chagasic myocardium (Fig 

4); and mtDNA encoded 13 polypeptides are essential for normal assembly and 

function of the CI, CIII, CIV and CV complexes of the respiratory chain. The expression 

levels of SIRT1, PGC1 and NRF1 that are involved in regulating the mitochondrial 

biogenesis were not changed, yet SIRT1 activity and deacetylated-PGC1 (active 

form) were significantly decreased in chagasic heart (Fig 3). Though a decline in PGC1 

isoforms (PGC1 and PGC1β) is noted in other metabolic diseases, such as obesity 

and diabetes (239-242); it is generally accepted that deacetylation, and not the 

changes in the expression level, of PGC1 is required for maintaining the 

Figure 2.7. T. cruzi induced NF-B transcriptional activity (± SRT1720). (A) Mice were Tc-infected, 

SRT1720-treated, and harvested at 150 days pi. Nuclear fractions from heart homogenates were 

prepared and submitted to Western blot analysis for NFB p65 subunit and Lamin A/C (panel a). 

Densitometry analysis of NFB p65 band, normalized to Lamin A/C, is shown in panel b. (B) Cardiac 

myocytes were infected with T. cruzi and incubated in presence or absence of 1 µM SRT1720 for 24 

h. Shown are representative immunoblots for NFB p65 subunit (total, cytosolic, and nuclear), and 

acetylated-p65 (nuclear) levels. Lamic A/C (nuclear fractions) and GAPDH (cytosolic and total 

homogenates) were analyzed for loading control. (C) Real time qRT-PCR measurement of mRNA 

levels for (a) IL1β and (b) IL6 in cardiomyocytes that were infected with T. cruzi and treated with 

SRT1720 (1 µM) or emodin (NFB antagonist, 50 µM) for 24 h. Fold change was determined after 

normalizing the data with GAPDH mRNA. (D) Representative immunoblots for iNOS, 4-HNE and 3-

NT (GAPDH control) levels in cell homogenates are shown. (E) NFB transcriptional activity. HEK293 

cells were treated as described in the marterial and methods. The relative NFB transcriptional activity 

was measured by using a Dual Luciferase Assay System and normalized to Renilla luciferase activity. 
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mitochondrial biogenesis.  

 

 We postulated that SIRT1 agonists, via enhancing the SIRT1/PGC1 activity, 

would offer a therapeutic option to improve the mitochondrial biogenesis, and 

subsequently, the heart function in CCM. We, first, used resveratrol as a therapeutic 

candidate for the treatment of chronic CCM. Resveratrol has been shown to induce 

mitochondrial biogenesis in many tissues (243, 244), control pressure overload 

induced hypertrophy and contractile dysfunction in mice (245, 246); and reverse the 

ischemia/reperfusion induced loss in renal mitochondrial mass by an increase in the 

expression of PGC1 and its downstream mediators (247). In the present study, 

though resveratrol partially improved the heart function (S1 Fig), an overall lackluster 

performance of resveratrol in arresting Tc-induced cardiac remodeling and 

mitochondrial biogenic defects was noted (S2-S5 Figures). This was despite the fact 

that we have used biologically relevant concentrations of resveratrol as was used in 

other studies. Our data suggest that delayed treatment in chronic phase when 

oxidative/inflammatory pathology have already caused tissue damage in the heart was 

at least partially responsible for resveratrol inefficacy in CCM. The data discussed 

below with SRT1720 treatment allow us to propose that SIRT1 agonists offered during 

the clinically asymptomatic phase when host has controlled the acute parasitemia but 

yet not entered the chronic phase of progressive cardiomyopathy, will be most 

beneficial in arresting the adverse clinical outcomes in Chagas disease.  
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   We treated mice with SRT1720 (specific and potent SIRT1 agonist) for three weeks 

during 45-66 days pi. In contrast to untreated/infected mice that developed significant 

LV systolic dysfunction by ~150 days pi; short-term SRT1720 treatment in the clinically 

asymptomatic phase was effective in preserving the heart function in chronically 

infected mice (Fig 1). This is the first study demonstrating that SRT1720 treatment 

rescued the heart function following a chronic T. cruzi infection. The effects of 

SRT1720 in improving the LV function in chagasic mice were associated with a 

significant increase in SIRT1 activity and deacetylation of PGC1 (Fig 3), as has also 

been noted in models of metabolic disease (248, 249). Others have shown that long-

term SRT1720 treatment produced benefits in increasing the organ function and 

lifespan in mice (230). SRT1720 stimulated the mitochondrial biogenesis and 

effectively reversed the conditions associated with metabolic deficiencies (125, 248, 

250). Surprisingly, despite SIRT1 activation and PGC1 deacetylation suggested to 

be required for mitochondrial biogenesis, SRT1720 treatment did not reverse the 

mitochondrial biogenic defects in the myocardium of chagasic mice (Fig 4). A recent 

study showed the deacetylation by SIRT1 decreased PGC1α activity and mitochondria 

number in myotubes (251). Others have shown that kidney-specific overexpression of 

SIRT1 was protective against metabolic kidney disease though mitochondrial number 

was not changed. Further studies will be required to delineate the SIRT1/PGC1 

dynamics in maintaining the mitochondrial biogenesis in normal and disease 

conditions. Yet, our data allows us to surmise that activators of the sirtuin family of 

proteins may be important in the development of new therapeutic strategies for treating 
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cardiac dysfunction in Chagas disease. 

 

   Multiple sources of ROS including mitochondrial electron transport chain leakage 

and NADPH oxidases, sometimes in response to cytokines and growth factors, are 

noted in Chagas disease (reviewed in (252)). In this study, we found that SIRT1 

agonists enhanced the antioxidant capacity and reversed the oxidative/nitrosative 

injuries (Fig 5 & S4 Fig), inflammatory cytokine response (Fig 6, Fig 7 and S5 Fig), 

and infiltration of inflammatory infiltrate in the myocardium of chronically infected mice 

(Fig 6). Consistent with these results, SRT1720 has been reported to decrease the 

levels of 3-nitrotyrosine and iNOS in ischemia perfusion induced renal injury in mice 

(247). SRT1720 was also shown to ameliorate vascular endothelial dysfunction by 

enhancing COX2 signaling and reducing oxidative stress and inflammation with aging 

in mice (253); and increase the levels of catalase, thus reducing ROS level and 

apoptosis and retaining kidney function in mice (254). SIRT1 can deacetylate the FoxO 

factors and stimulate the expression of antioxidants (255), and inhibit NFB signaling 

that is a major induced of inflammatory responses (256). The role of FoxO in 

preserving antioxidant/oxidant balance in CCM remains to be investigated. However, 

others and we have shown the activation of NFB by T. cruzi in a variety of immune 

and non-immune cells (222, 257). A variable degree of loss in SIRT1 activity 

associated with steady hyper-activation of NFB-p65 is observed in many chronic 

inflammatory diseases (157), including CCM in this study (Fig 7). SRT1720 treatment 

inhibited the nuclear translocation of p65/Rel A, NFB transcriptional activity, and 
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NFB-dependent inflammatory cytokines’ gene expression in cells infected by T. cruzi 

(Fig 7). SIRT1 influenced the chronic inflammation in chagasic disease by directly 

deacetylating the p65/Rel A (Fig 7). SIRT1 can also inhibit the NFB target genes by 

co-localizing with p65 and p300, the latter a histone acetyl transferase with a broad 

range of substrates. While SIRT1’s ability to regulate NFB activity is shown in 

macrophages (184, 258), ours is the first observation demonstrating SIRT1 regulation 

of NFB in stressed cardiomyocytes. The observation of no increase in T. cruzi burden 

in mice treated with SRT1720 (Fig 6) implies that NF-B-induced inflammatory 

responses were more detrimental to the host than to the parasite. Further, our finding 

that SIRT1 agonist (SRT1720) restricted the ROS and oxidative stress markers (3NT 

and 4HNE) that otherwise were significantly induced by T. cruzi infection (Fig 6) 

suggest that SIRT1/NFB axis coordinates the oxidative stress as well as inflammation 

in chronic CCM and heart failure.   

 

   In summary, we have shown that mitochondrial biogenesis is compromised in 

chronic chagasic mice. A loss of SIRT1 activity contributed to NFB-p65 activation and 

chronic cardiac pathology and heart failure in CCM. SRT1720 treatment enhanced the 

SIRT1/PGC1 activity but failed to improve the mitochondrial biogenesis in CCM. 

Instead, SRT1720 influenced the SIRT1/NFB regulation of oxidative, nitrosative, and 

inflammatory responses, and, consequently, preserved the cardiac function in 

chagasic mice. We conclude that activators of the sirtuin family of proteins will provide 

promising new therapeutic strategies for treating cardiac dysfunction in chronic 
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Chagas disease.  

 

Table 1. Transthoracic echocardiography in T. cruzi-infected (±SRT1720 

treatment) mice 

Parameters Mode WT WT x T. cruzi 

Heart rate (HR, beats per 

minute) 
B mode 472 ± 51 464 ± 44 

End systolic volume (ESV, µl) B mode 16.56± 3.93 37.16± 2.82*** 

End diastolic volume (EDV, µl) B mode 55.22± 7.72 51.42± 6.88 

Stroke volume (SV=EDV–

ESV, µl) 
M mode 47.96± 2.08 29.60± 3.72*** 

Cardiac output (HR x SV, 

ml/min) 
M mode 17.25± 2.76 8.52± 2.75*** 

% Ejection fraction (% EF = 

EDV-ESV x 100 / EDV) 
M mode 65.78± 6.31 41.50± 5.60*** 

LVID, end systole (LVIDs, mm) M mode 1.48± 0.21 3.16 ± 0.21*** 

% Fractional shortening (% FS 

= (LVIDd – LVIDs) x 100 / LVIDd 
M mode 34.95± 5.24 22.44± 1.46*** 

Interventricular septum (IVSs, 

mm) 
M mode 0.84 ± 0.23 1.21 ± 0.22* 

IVSd, mm M mode 0.62± 0.14 1.04±0.20*** 

LV posterior wall (LVPWs, mm) M mode 1.45±0.30 0.85± 0.14*** 

LVPWd, mm M mode 0.92± 0.17 0.67± 0.13* 

IVSs / LVPWs
 ratio M mode 0.59± 0.15 1.4± 0.37*** 

Area systole (mm2) B mode 11.29± 2.67 15.77± 3.29* 

Area diastole (mm2) B mode 17.67± 2.72 24.07±5.88* 

LV mass (mg) M mode 69.91± 10.44 97.86± 11.54*** 

C57BL/6 mice were infected with T. cruzi (10,000 parasites per mouse).  

a Mice were treated with resveratrol (20 mg/L) in drinking water during days 90-111post-infection (pi).  

b Mice were treated with SRT1720 (1 mg/mouse, intraperitoneal) during days 45-66 pi. Treatment was 

given three times a week. 

Transthoracic echocardiography was performed in B and M mode at ~150 days post-infection using a 

Vevo 2100 System. 

Data are presented as mean value ± SD. Significance is plotted as *normal vs. infected and #WT.Tc vs. 

WT.Tc + treatment, and presented as *,# <0.05, **,## p<0.01, ***,### p<0.001 (n = 6-10 per group per 

experiment). 
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Table 2. Oligonucleotides used in this study 

Gene 

Name 

Protein  

Name  

Genbank 

Accession # 

Oligo-

nucleotide  

Oligonucleotide 

sequence 5'-3' 

Amplicon 

size (bp) 

    mRNA amplification   

ND1 NADH dehydrogenase 

subunit 1, mt  

NC_001569 ND1 F TCACTATTCGGAGCTTTACGAGC 173 

  ND1 R CATATTATGGCTATGGGTCAGGC  

COIII Cytochrome oxidase 

complex subunit III, mt 

NC_005089.1 COIII F TGCTGACCTCCAACAGGAAT 198 

  COIII R TTCTGAAGCTTGGAGGATGG  

ATP6 ATP synthase 6, mt NC_000067.6 ATP6 F TCACTTGCCCACTTCCTTCC 119 

  ATP6 R TTAGCTGTAAGCCGGACTGC  

POLG1 DNA polymerase 

gamma subunit 1, mt 

NC_000073.6  POLG1 F GAGCCTGCCTTACTTGGAGG 294 

  POLG1 R GGCTGCACCAGGAATACCA  

SSBP1 Single-stranded dna 

binding protein, mt 

NC_000072.6 SSBP1 F CAACAAATGAGATGTGGCGATCA 565 

  SSBP1 R ACGAGCTTCTTACCAGCTATGA  

TOP1 Topoisomerase    

(DNA) I, mt 

XM_00539252

1.2 

TOP1 F GACCATCTCCACAACGATTCC 96 

  TOP1 R ATGCCGGTGTTCTCGATCTTT  

COLI Collagen I NC_000077.6 COLI F GAGCGGAGAGTACTGGATCG 158 

  COLI R GCTTCTTTTCCTTGGGGTTC  

COLIII Collagen III NC_000067.6 COLIII F GTCCACGAGGTGACA AAGGT 535 

  COLIII R GATGCCCACTTGTTCCATCT  

αSMA Smooth muscle       

actin alpha 

NC_000080.6  SMA F CTGGGCAAATCCAACAACTT 869 

  SMA R TCTTGCCTCCTTTGCCTTTA  

IFN Interferon-gamma NC_000076.6 IFNG F CATTGAAAGCCTAGAAAGTCTG 201 

  IFNG R CTCATGAATGCATCCTTTTTCG  

IL1β Interleukin-1 beta NC_000068.7 IL1B F GAGCTTCAGGCAGGCAG 459 

  IL1B R GGGATCCACACTCTCCAGC  

IL10 Interleukin 10 NM_010548.2  IL10 F GCTCTTACTGACTGGCATGAG 103 

IL10R CGCAGCTAGGAGCATGTG  

Arg1 Arginase 1 NM_007482.3 Arg1 F CAGAAGAATGGAAGAGTCAG 249 

Arg1 R CAGATAGCAGGGAGTCACC  

TNFα Tumor necrosis   

factor-alpha 

NC_000083.6 TNFA F GTTCTATGGCCCAGACCCTCACA 836 

  TNFA R TACCAGGGTTTGAGCTCAGC  

GAPDH Glyceraldehyde 3-

phosphate  

NC_000067.6 GAPDH F TGGCAAAGTGGAGATTGTTG 402 

  GAPDH R TTCAGCTCTGGGATGACCTT  

hIL1β Interleukin 1 beta XM_01700398

8.1 

hIL1B F 

IL1B R 
 

ACAGATGAAGTGCTCCTTCCA 73 

    hIL1B F 

IL1B R 
 

GTCGGAGATTCGTAGCTGGAT   

hIL6 Interleukin 6 XM_01151539

0.2 

hIL6 F 

IL10R 
 

GTAGCCGCCCCACACAGA 101 

   hIL6 F 

IL10R 
 

CATGTCTCCTTTCTCAGGGCTG  

    DNA amplification 
   

COII 

mtDNA 

Cytochrome oxidase 

complex subunit II, mt 

NC_012387 COII F ATTGCCCTCCCCTCTCTACGCA 402 

  COII R CGTAGCTTCAGTATCATTGGTGCC

C 

 

CYTB 

mtDNA 

Cytochrome b, mt NC_010339.1 CYTB F GCAACCTTGACCCGATTCTTCGC 71 

  CYTB R TGAACGATTGCTAGGGCCGCG  

β-Globin 

nuDNA 

Beta globin NC_000073.6 β-Glob F AGCCACAGATCCTATTGCCATGC  239 

  β-Glob R TGTTGCTTGGTAAACACAGA   

Tc18S 

rDNA  

T. cruzi 18S    

ribosomal DNA 

NC_018331.1 Tc18S F TTTT GGGC AACA GCAG GTCT 200 

      Tc18S R  CTGC GCCT ACGA GACA TTCC   

Unless specified, all oligonucleotides are based on mouse cDNA sequence. Human cDNAs are presented as hIL1β and hIL6. 

were   

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=NC_001569
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=34538597
http://www.ncbi.nlm.nih.gov/nucleotide/372099109?from=24614164&to=24614282&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nucleotide/372099103?from=79461877&to=79464825&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nucleotide/372099099?from=94950704&to=94950861&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nucleotide/372099109?from=45344469&to=45345003&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nucleotide/372099096?from=54957801&to=54958669&report=gbwithparts
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CHAPTER 3: SRT1720 prevents the polarization of M1 macrophages and 

inhibits inflammatory responses in chronic Chagas disease 

 

2.1 Introduction 

      Trypanosoma cruzi (T. cruzi) is the etiological agent of Chagas disease that is 

one of the most frequent causes of heart failure and sudden death in Latin America 

(259). Approximately 13 million people in Latin America are infected with T. cruzi, and 

120 million people are at risk of infection. About 30% to 40% of infected individuals 

eventually develop clinical symptoms of chronic chagasic cardiomyopathy (11). 

Patients present with different degrees of severity, myocarditis, fibrosis, arrhythmia, 

myocardial hypertrophy and heart failure (260). Due to the immigration of infected 

persons to large urban cities and non-endemic countries, the epidemiological profile of 

the Chagas disease has changed to a globalized problem. Currently only two drugs 

are available for the treatment of Chagas disease (CD) and they are curative only in 

early infection phase. There is a need for the development of novel drugs for 

the treatment of chronic Chagas' disease.  

        The parasite load in the acute phase may influence the activation of host 

immune system and the progression of chronic Chagas disease (261). Although the 

mechanisms that mediate control of parasitemia have not been well defined, it is 

believed that innate immune cells such as natural killer (NK) cells, dendritic cells, 

neutrophils, and macrophages play a major role in elimination of parasitism (114). In 

response to T. cruzi infection, macrophages secrete various endogenous mediators, 

including cytokines, nitric oxide (NO), and reactive oxygen species (ROS) to mediate 
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pathogen killing in the acute phase (115-117). The role of macrophage activation in 

chronic Chagas disease have not been elucidated. 

        Macrophages are immune cells which quiescently survey the various tissue 

milieu for early signs of infection or damage (170). Macrophages can be found in 

tissues or circulate in peripheral blood. The plasticity of the inflammatory monocytes 

allows them to change their phenotype based on the environment cues or alter the 

immune responses after exposure to a specific stimulus. Classically activated of 

macrophage (also called M1 macrophage) occurs when the cell receives stimuli such 

as LPS, IFN-γ and granulocyte-macrophage colony stimulating factor (GM-CSF). 

Alternatively activated macrophage (also called M2 macrophage) is induced by fungal 

cells, parasite infections, macrophage colony stimulating factor (M-CSF), IL-4, IL-13, 

IL-10 and TGF-β. M1 and M2 macrophages have different functions.  The M1 

macrophages play a central role in host defense against bacterial and viral infections 

(174, 175). They help to drive antigen specific Th1 and Th17 cell inflammatory 

responses, produce pro-inflammatory cytokines, toxic reactive oxygen intermediates 

(ROS) and NO (176-178). In contrast, M2 macrophages lead to the secretion of 

extracellular matrix (ECM) components, angiogenic and chemotactic factors and high 

amounts of IL-10. They play a central role in parasite control, wound-healing, fibrosis, 

tumor progression and immune regulation (178). On the basis of the stimulus from the 

microenvironment and their distinct gene expression profiles, M2 macrophages can 

be further divided into subsets, specifically M2a, M2b, M2c and M2d (179, 180).   

        Sirtuins, initially named as Silent information regulator 2 (Sir2) proteins, are 
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defined as NAD dependent class III histone deacetylases. SIRT1 is 

the closest homologue of yeast Sir2 and has been studied most (97). SIRT1 mediates 

deacetylation and regulates the function of a number of proteins involved in critical 

physiological processes including oxidative stress, metabolism, cell proliferation, and 

genomic stability. SIRT1 inhibition has been reported to associate with chronic 

inflammatory diseases, metabolic dysfunctions, neurodegenerative diseases and 

cardiovascular dysfunction (104-107). SRT1720 is a potent SIRT1 agonist that binds 

to the SIRT1 enzyme-peptide substrate complex, and it has been reported to enhance 

deacetylation of SIRT1 target proteins in both cells and animals (122, 123). SRT1720 

treatment has been shown to prevent secretion of TNFα in primary intraperitoneal 

macrophages (188) and inhibit LPS-stimulated NF-κB inflammatory pathways in RAW 

macrophages (118). The role of SIRT1720 in macrophage polarization and function in 

parasite disease is not known.  

        In this study, our objective was to determine (i) whether macrophage 

activation/polarization plays a role in chronic Chagas disease and (ii) how SIRT1 

agonist contributes to the macrophage phenotype and function. For this, we infected 

C57BL/6 mice with T. cruzi, treated with SRT1720 after the end of acute parasitemia, 

and monitored macrophages phenotype and function in chronic phase. Our data 

suggest that splenic macrophages of chronically infected macrophages were primarily 

of M1 phenotype. SRT1720 prevented the polarization of M1 macrophages and 

inhibited inflammatory and oxidative responses in chronic Chagas disease. This 

finding suggest that small molecular activators of SIRT1 could be effective strategy to 



75 
 

prevent chronic inflammatory diseases through regulation of macrophage activation. 

 

3.2 Material and methods 

 

Ethics statement 

All animal experiments were performed following NIH guidelines for Care and Use 

of Experimental Animals, and in accordance with protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Texas 

Medical Branch, Galveston (protocol number: 0805029).  

  

Mice, parasites, and cell culture   

        C57BL/6 mice (6 to 8 weeks old) were purchased from Jackson Laboratory 

(Sacramento, CA). Trypomastigotes of T. cruzi (SylvioX10/4 strain, ATCC 50823) were 

maintained and propagated by continuous in vitro passage in C2C12 cells. Mice were 

infected with T. cruzi (10,000 trypomastigotes/mouse, intraperitoneal), and harvested 

at days 150 post-infection (pi) corresponding to chronic disease phase. To enhance 

the SIRT1 activity, mice were given SRT1720 (1 mg/100 µl/mouse, intraperitoneally, 

Selleck Chemicals, Houston, TX) three times per week during day 45-66 pi.  

 

Flow cytometry 

        Single-cell suspensions of spleen cells were isolated and resuspended in PBS 

containing 0.5% BSA and 0.02% sodium azide. Isolated splenocytes were washed in 
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staining buffer and stained with fixable viability dye (eFluor 506) according to the 

manufacturer’s instructions. Nonspecific binding was blocked by incubation with (anti-

CD16/CD32; BD Pharmingen) for 15 min at 4°C. Cells were divided into two groups. 

Group1 were labeled with PerCP/Cy5.5-αF4/80, APC/Cy7- αCD11b, eFluor 450-

αLy6G, APC-αCD80 and group 2 were labeled with PerCP/Cy5.5-αF4/80, 

APC/Cy7- αCD11b, eFluor 450-αLy6G, Alexa Fluor 647- αCD64 and PE-

αCD200 antibodies for 30 min at 4°C in the dark. Group 1 were washed twice in PBS 

and further fixed with 2% paraformaldehyde, re-suspended in 100-μl permeabilization 

buffer (0.1% saponin/1% FBS in PBS), and then utilized for intracellular staining with 

fluorescence- conjugated PE-CD206 antibody. Anti-CD16/32 and fluorescence 

conjugated APC/Cy7- αCD11b, and Alexa Fluor 647-αCD64 antibodies were 

purchased from BD Pharmingen (San Diego, CA). APC-αCD80, PerCP/Cy5.5-αF4/80, 

and PE-CD206 antibodies were purchased from BioLegend (San Diego, CA).  Fixable 

viability dye (eFluor 405), eFluor 450-αLy6G and PE-αCD200 antibodies were 

purchased from eBioscience (San Diego, CA). Fluorescent cells were visualized by 

using a FACSCalibur Cell Analyzer (BD Biosciences) and analyzed by using FlowJo 

software (version 7.6.5, Tree-Star, San Carlo, CA). 

 

Isolation of monocytes/macrophages 

Single cell suspension of splenocytes was made in isolation buffer (PBS 

containing 0.5% BSA and 2 mM EDTA), and CD11b+ monocytes/macrophages were 

positively selected from the total splenocytes using the MACS Microbeads 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjp9ZaT45jVAhXE8YMKHSCwBtYQFgg5MAM&url=https%3A%2F%2Fwww.biolegend.com%2Fen-us%2Fproducts%2Fapc-cy7-anti-mouse-cd86-antibody-6554&usg=AFQjCNEVWlVBefyPqAa1ilTNdk0aYFenEg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjp9ZaT45jVAhXE8YMKHSCwBtYQFgg5MAM&url=https%3A%2F%2Fwww.biolegend.com%2Fen-us%2Fproducts%2Fapc-cy7-anti-mouse-cd86-antibody-6554&usg=AFQjCNEVWlVBefyPqAa1ilTNdk0aYFenEg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiAq4CQ5JjVAhXExYMKHRtFDs4QFggpMAE&url=https%3A%2F%2Fwww.biolegend.com%2Fen-gb%2Fproducts%2Falexa-fluor-647-anti-mouse-cd64-fcgammari-antibody-12425&usg=AFQjCNH9nXWffzA2xyM0mbrCumDuLwx41w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiAq4CQ5JjVAhXExYMKHRtFDs4QFggpMAE&url=https%3A%2F%2Fwww.biolegend.com%2Fen-gb%2Fproducts%2Falexa-fluor-647-anti-mouse-cd64-fcgammari-antibody-12425&usg=AFQjCNH9nXWffzA2xyM0mbrCumDuLwx41w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjp9ZaT45jVAhXE8YMKHSCwBtYQFgg5MAM&url=https%3A%2F%2Fwww.biolegend.com%2Fen-us%2Fproducts%2Fapc-cy7-anti-mouse-cd86-antibody-6554&usg=AFQjCNEVWlVBefyPqAa1ilTNdk0aYFenEg
http://www.biolegend.com/
http://www.ebioscience.com/
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technology  (Miltenyi Biotec Inc., San Diego, CA, #130-049-601) according to the 

manufacturer’s instructions. Briefly, the monocytes/macrophages were magnetically 

labeled with CD11b microbeads and passed through MACS separation column while 

placed in the magnetic field. The columns were then washed three times with 5 ml 

MACS buffer, and the CD11b+ cells were collected. To remove CD11b+ cells from the 

column, the cells were washed with 5 ml MACS buffer away from the magnetic field. 

Isolated cells were stained with PerCP/Cy5.5-αF4/80, APC/Cy7- αCD11b and eFluor 

450-αLy6G antibodies, and then subjected to flow analysis to confirm the purity of 

macrophages. 

 

In vitro stimulation of monocytes/macrophages and intracellular cytokines 

        Isolated monocytes/macrophages (5x105 cells/1ml RPMI) were distributed in 

12-well plates, and incubated in the presence of T. cruzi trypomastigotes (cell: parasite 

ratio, 1:3) for 24 h at 37°C, 5% CO2. Cell free supernatants were collected for the 

measurement of cytokine release (IL-6 and TNF-α) using optEIA enzyme-linked 

immunosorbent assay (ELISA) kits (Pharmingen, San Diego, CA), according to the 

manufacturer’s specifications.  

 

Gene expression analysis 

        RNA was isolated by chloroform/isopropanol/ethanol method form both non-

stimulated and in vitro stimulated monocytes/macrophages. After reverse transcription 

of RNA with poly(dT)18 using an iScript cDNA Synthesis Kit (Bio-Rad), first-strand 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwjp9ZaT45jVAhXE8YMKHSCwBtYQFgg5MAM&url=https%3A%2F%2Fwww.biolegend.com%2Fen-us%2Fproducts%2Fapc-cy7-anti-mouse-cd86-antibody-6554&usg=AFQjCNEVWlVBefyPqAa1ilTNdk0aYFenEg
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cDNA was used as a template in a real time quantitative PCR (qPCR) on an iCycler 

Thermal Cycler with SYBR-Green Supermix (Bio-Rad). Primer sequences used are 

as follows: mTNFα forward: 5'- GCTCTTACTGACTGGCATGAG-3', mTNFα reverse: 

5'- TACCAGGGTTTGAGCTCAGC-3'; mIL-6 forward: 5'- 

TTCTCATTTCCACGATTTCCCAG-3', mIL-6   reverse: 5'- 

TTCCATCCAGTTGCCTTCTTG-3'; mIL-10 forward: 5'- 

GCTCTTACTGACTGGCATGAG-3', mIL-10 reverse: 5'- CGCAGCTAGGAGCATGTG-

3'; mArg1 forward: 5'- CAGAAGAATGGAAGAGTCAG-3', mArg1 reverse: 

CAGATAGCAGGGAGTCACC-3'. The PCR base line subtracted curve fit mode was 

applied for threshold cycle (Ct), and mRNA level was calculated using iCycler iQ real-

time detection system software (Bio-Rad). The threshold cycle Ct values of target 

mRNAs were normalized to mean of GAPDH mRNA, and the relative expression level 

of each target gene calculated from Ct values using the formula: 2−ΔCt, where ΔCt 

represents the Ct (sample) - Ct (control) (233, 234).  

 

ROS measurement 

Supernatants (50 μL/well) from in vitro stimulation of monocytes/macrophages 

were added in triplicate to 96-well flat-bottomed plates and mixed with 50 μL of 100 

μmol/L 10-acetyl-3,7-dihydroxyphenoxazine (amplex red, Molecular Probes) and 50 

μL of 0.1 U/mL horseradish peroxidase. The H2O2-dependent oxidation of amplex red 

to fluorescent resorufin (Ex563nm/Em587nm) was measured by using a SpectraMax M2 

microplate reader (Molecular Devices) (262).  
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Immunohistochemistry 

        To visualize in situ population, paraffin-embedded 5 µm tissue sections (3 

slides/mouse, n= 5/group) were deparaffinized and treated with 10 minutes of 

microwave oven heating in 0.01m sodium citrate buffer (pH 6.0). Slides were then 

washed twice in PBS, incubated with 5% normal goat serum to reduce non-specific 

staining for 30 min and with 3% H2O2 in methanol for 30 min to inactivate endogenous 

peroxidase. Tissue sections were incubated overnight at 4°C with mouse monoclonal 

anti-Mac-1 (1:50 dilution; Abcam, Cambridge, MA) antibody. After washing, slides 

were incubated at room temperature for 30 min each with biotinylated anti-mouse IgG 

(1:100 dilution) and streptavidin-conjugated alkaline phosphatase, and red color was 

developed with a Red AP Kit I (Vector Laboratories, Burlingame, CA, SK-5100). Slides 

were then treated by another round of microwave heating in order to prevent an 

antibody cross reaction and also improve antibody access to nuclei. Following a 

second preincubation step as above, sections were labeled with the rabbit anti-iNOS 

(1:50 dilution, Santa Cruz Biotech, Dallas, TX, sc-651) or rabbit anti-Arginase (1:50 

dilution, Santa Cruz Biotech, Dallas, TX, sc-20150) antibodies at 4°C overnight. After 

washing, sections were labeled with biotinylated anti-rabbit (1:100 dilution) and 

streptavidin-conjugated horseradish peroxidase (1:100 dilution) and brown color was 

developed with a DAB Peroxidase (HRP) Substrate Kit (Vector Laboratories, 

Burlingame, CA, SK-4100). Sections were then counterstained with methyl green 

(stains nuclei).  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiM1-7AgZ7VAhUj24MKHexkBKAQFgguMAE&url=http%3A%2F%2Fwww.rockland-inc.com%2Fhrp-secondary-antibodies.aspx&usg=AFQjCNHJwezaCm6EUIbRkF7I-XLlBQQY8w
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Data analysis 

Mice were randomly assigned to three groups (no treatment, T. 

cruzi infection, Tc infection followed by SRT1720 treatment, n=5 mice per group per 

experiment). All experiments were conducted with triplicate observations per 

/sample/time (at least two experiments per group). Data are presented as mean ± 

standard deviation (SD). All data were analyzed using GraphPad Prism5 software 

(GraphPad Software, La Jolla, CA). Data were analyzed by student’s t test (for 

comparison of 2 groups) and one-way analysis of variance (ANOVA) with Tukey's post 

hoc test (comparisons of more than two groups). Significance is presented by *Tc-

infected vs. normal or #Tc infected vs. Tc/SRT1720-treated) (*,#p<0.05, **,##p<0.01, 

***,###p<0.001). 

 

3.3 Results 

        Macrophages can be identified by using flow cytometry. Previous studies 

have used F4/80 and CD11b to identify monocytes and macrophages in both lymphoid 

and non-lymphoid tissues. In order to identify macrophages in spleen, we utilized a 

combination of antibodies against Gr-1, F4/80, and CD11b to characterize the 

macrophage cell population in mouse spleen. After exclusion of debris, doublets, 

nonviable cells and gating out Ly6G+ neutrophils, a clear population of 

F4/80+CD11b+ cells could be found in mouse spleen cell population. In chagasic (vs. 

normal) mice, splenic percentage of macrophages was significantly increased. 
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Treatment of chagasic mice with SRT1720 decreased the macrophage population to 

normal levels (Fig 1 A, 1 B. a-b). However, a similar number of splenocytes were 

observed in all mice, thus, suggesting that SRT1720 did not have any adverse impact 

on total spleen cell number (Fig 1 C).  

To evaluate the phenotype(s) of the macrophages present in the spleen during 

chronic T. cruzi infection and the effect of SRT1720 treatment, we designed a flow 

cytometry panel to detect surface markers of M1 and M2 phenotypes. The C80 and 

CD64 expression were used to identify mouse M1 subtype, whereas CD206 and 

Fig 3.1. In vivo splenic cell analysis by flow cytometry. C57BL/6 mice were infected with 

Trypanosoma cruzi (10,000 Tc/mouse, ip), and treated with SRT1720 (SIRT1 agonist) during 45-

66 days post-infection (pi), as described in materials and methods. The mice were harvested at 150 

days pi. (A) Total splenocytes were stained with CD11b, F4/80, Gr-1. We define the 

CD11b+F4/80+Gr-1- cells as macrophages. (A&B) Percentage of macrophages in splenocytes 

from chagasic mice (±SRT1720). (C) The total number of splenic cells from chagasic mice 

(±SRT1720).  
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CD200R were used for the identification of the M2 subtype. The samples were stained 

concurrently with two different cocktails. The first cocktail contained antibodies against 

CD11b, F4/80, Ly6G, CD80 and CD206 while the second cocktail contained antibodies 

against CD11b, F4/80, Ly6G, CD64 and CD200R. After gating out debris, doublets, 

and nonviable cells, sub-populations of F4/80+CD11b+Gr-1- cells were gated as 

macrophages. We observed that the frequency of CD64+ and CD80+ macrophages 

was significantly increased in chagasic mice, and decreased by 18% in chagasic mice 

treated with SRT1720 (Fig 2A. a&b, Fig 2B. a&b). The frequency of CD206+ and 

CD200R+ macrophages was also enhanced significantly in chagasic mice, but no 

significant effect of SRT1720 was observed on splenic CD206+ and CD200R+ 

macrophages in chagasic mice (Fig 2A. c&d, Fig 2B. c&d). These results suggested 

that 1) T. cruzi infection stimulates the activation of both M1 and M2 (M1>M2) 

macrophages during the chronic phase. 2) SRT1720 decreased the proinflammatory 

differentiation of macrophages in chagasic cardiomyopathy.  

 

        Next, we determined if surface expression of physiological indicators of 

macrophage phenotype correlated with the proinflammatory versus anti-inflammatory 
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activation profile. Splenic CD11b+ monocytes/macrophages were isolated by using 

anti-CD11b antibody-coated micro-beads. Isolated monocytes/macrophages from 

chagasic mice exhibited up to 15-fold to 30-fold increases in mRNA level for 

proinflammatory cytokines TNF-α and IL-6 (Fig 3A. a&b), respectively, and around 10-

fold increases in immunomodulatory Arg-1 and IL-10 gene expression, compared to 

that noted in monocytes/macrophages isolated from normal mice (Fig 3B. a&b). These 

results suggested that a mixed pro-inflammatory and anti-inflammatory cytokine 

response with a predominance of proinflammatory activation is presented in splenic 

monocytes/macrophages of chronically infected chagasic mice. In comparison, 

splenic monocytes/macrophages isolated from SRT1720-treated chagasic mice 

exhibited no basal level of TNF-α and IL-6 mRNA (similar to normal controls) (Fig 3A. 

a&b). However, Arg-1 and IL-10 mRNA levels in SRT1720-treated chagasic mice were 

similar to that noted in untreated/chagasic mice (Fig 3B. a-b). These data suggested 

that SRT1720 decreased the pro-inflammatory cytokine production but did not alter 

the anti-inflammatory cytokine’s expression in splenic monocytes/macrophages of 

chagasic mice. 

Fig 3.2. SRT1720 inhibited T. cruzi induced increasing M1 markers expression in spleen. 

Mice were infected, SRT1720-treated, and harvested as in Fig 1. Gated macrophages were 

additionally examined for expression of phenotypic markers by flow cytometry. (A) Fluorescence 

intensity of surface expression of M1markers (a&b, CD80 and CD64) and M2 markers (c&d, CD206 

and CD200R) from normal (red), Tc-infected (green), and SRT1720 treated/chagasic (blue) mice. 

(B) The mean percentage of cells expressing the M1 markers (a&b, CD80 and CD64) and M2 

markers (c&d, CD206 and CD200R) was acquired by flow cytometry analysis. 
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        Isolated splenic monocytes/macrophages from WT, chronically-infected and 

infected/SRT1720-treated mice were incubated for 24 h with T. cruzi. Splenic 

monocytes/macrophages of chagasic mice responded to in vitro incubation with T. 

cruzi by a >10-fold increase in TNF-α and IL-6 mRNA levels (Fig 4A. a&b) and >3-fold 

further stimulation of Arg-1 and IL-10 expression (Fig 4B. a&b). These results indicated 

that monocytes/macrophages from chagasic mice are capable of responding to stimuli 

Fig 3.3: In vivo macrophage profile in chronic chagasic mice (±SRT1720). Mice were 

infected, SRT1720-treated, and harvested as in Fig 1. Splenic macrophages were isolated 

by using MACS CD11b MicroBeads as describe in materials and metods. The total RNA of 

macrophages was isolated and gene expression of pro-inflammatory cytokines TNF-α and 

IL-6 (A.a&b) and anti-inflamatory cytokines IL-10 and Arg-1 (B.a&b) was determined by 

real-time RT-PCR. 
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by further increase in proinflammatory cytokine response. Splenic 

monocytes/macrophages of normal as well as chagasic mice (±SRT1720) responded 

to in vitro stimulation with T. cruzi by mixed cytokine response (TNF-α+IL-6>Arg-1+IL-

10) (Fig 4A&4B). The release of cytokines in supernatants of splenic macrophages 

incubated with T. cruzi for 24 h was measured by an ELISA. Our data showed that 

pro-inflammatory cytokines (TNF-α and IL-6) release was increased by 2-3-fold in 

macrophages from infected mice in vitro infected with T. cruzi as compared to that 

noted with normal controls (Fig 5A&5B). IL-4 and IL-10 were not detectable by ELISA 

in the supernatants (data not shown). And TNF-α and IL-6 were decreased to the 

normal level in macrophage from SRT1720 infected mice (Fig 5A&5B).  A similar 

outcome was observed as described above for fluorometric evaluation of H2O2 

release in the supernatant (Fig 5C).  All these results suggested that SRT1720 did 

not change the macrophage’s ability to respond to stimuli, rather the proinflammatory 

stimulus was decreased in SRT1720-treated chagasic mice. 

Fig 3.4: In vitro functional activation of macrophages from chagasic mice (±SRT1720) in 

response to Tc infection. Mice were infected, SRT1720-treated, and harvested as in Fig 1. Splenic 

macrophages were isolated as in Fig4. Splenic macrophages were in vitro incubated with Tc for 

24h. The supernatant were collected and the macrophages were stored. The total RNA of 

macrophages was isolated and gene expression of pro-inflammatory cytokines TNF-a and IL-6 

(A.a&b) and anti-inflamatory cytokines IL-10 and Arg-1 (B.a&b) was determined by real-time RT-

PCR. 
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        In order to determine the extent of monocyte/macrophage infiltration and 

phenotypes of the monocytes/macrophages present in the hearts of infected and 

SRT1720 treated mice during the chronic disease phase, we examined markers of 

functional populations of M1 and M2 subtypes. The iNOS expression was used for 

identifying rodent M1 subtype, whereas arginase-1 was used as phenotypic marker 

for M2 macrophages. We observed the expression of iNOS (brown color) and Arg-

1(brown color) on infiltrated Mac-1 positive monocytes/macrophages (red color) in 

heart tissues by double immunohistochemistry. Immunohistochemistry with anti-mac1 

antibody (monocytes/macrophage marker) showed that the monocyte/macrophage 

infiltration was significantly decreased in the hearts of SRT1720 treated chronically 

Fig 3.5: In vitro cytokine and ROS production from chagasic mice (±SRT1720) in response to 

Tc infection. Mice were infected, SRT1720-treated, and harvested as in Fig 1. Splenic 

monocytes/macrophages were isolated as in Fig4. Splenic monocytes/macrophages were in vitro 

incubated with Tc for 24h. The supernatant was collected. (A) The TNF-α (a), IL-6 (b) levels in cell-

free supernatant were measured by an ELISA. (B) ROS level in the supernatant was measured by 

Amplex Red Assay. 
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infected mice compared to non-treated chronically infected mice (Fig. 6, compare 

panels b and c, panels e and f, panels h and i). Most of the infiltrating 

monocytes/macrophages in the myocardium of chronically infected mice were iNOS 

positive. We noted a significant decline in myocardial levels of iNOS in SRT1720 

treated chronically infected mice compared with non-treated chronically infected mice 

(Fig. 6, compare panels d and e). We observed similar numbers of Arg-1 positive cells 

in the hearts of SRT1720 treated and non-treated chronically infected mice (Fig. 6, 

compare panels h and i). In chronically infected mice, all of the iNOS and arginase-1-

expressing cells appeared to be not overlapping with CD11b+ macrophages, revealing 

Fig 3.6. In vivo monocyte/macrophage infiltration and phenotype in chagasic mice (±SRT1720). 

Mice were infected, SRT1720-treated, and harvested as in Fig 1. Paraffin-embedded heart tissue 

sections were subjected to immunostaining with antibodies against CD11b, (Mϕ, pink color), anti-iNOS 

(M1ϕ) and anti-Arg-1(M2ϕ) (brown color). (a-c) Immunostaining with anti-Mac-1 antibody. (d-f) 

Immunostaining with anti-Mac-1/anti-iNOS (arrows indicate the pink/brown staining of 

iNOS+ monocytes/macrophages). (g-i) Immunostaining with anti Mac-1/anti-Arg-1 (arrows indicate 

the pink/brown staining of Arg-1+ monocytes/macrophages). 
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that some of iNOS and arginase-1 in the myocardium are produced by other cell types. 

All together these results suggested that SRT1720 significantly declined 

proinflammatory monocyte/macrophage infiltration in the myocardium and these 

results are consistent with the results of flow cytometry as described in Fig. 2. 

 

3.4 Discussion 

        Chronic chagasic cardiomyopathy (CCM) is presented by increased 

oxidative/inflammatory stress. SIRT1 has also been reported to inhibit the oxidative 

stress and inflammation through regulation of the transcription factors and histones 

(226). We have previously shown that SRT1720 treatment enhanced the SIRT1 

activity, controlled the NFB signaling of oxidative, nitrosative, and proinflammatory 

cytokines responses and consequently helped preserve the left ventricular function in 

chronic chagasic mice.  

 

        Studies have suggested that macrophages could be used as potential cancer 

therapeutic targets by manipulating macrophage functional phenotypes (263-265) . 

This study was designed to test whether SIRT1 agonist SRT1720 has therapeutic 

effects against chronic Chagas disease through regulating functional polarization of 

macrophages. We reasoned that macrophage is required for regulating immune 

response to prevent tissue damage in chronic Chagas disease. We then administrated 

SRT1720 to T. cruzi-infected mice to test our hypothesis. First, we determined that 

both M1 and M2 were activated in response to T. cruzi but the primary cell type is M1 
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macrophages during the chronic phases. And pro-inflammatory cytokines were 

significantly increased in monocytes/macrophages isolated from chronic chagasic 

mice. Second, we found that SRT1720 treatment was able to suppress 

proinflammatory differentiation of monocytes/macrophages (M1 macrophages) in 

chagasic cardiomyopathy and reduced proinflammatory cytokine production in spleen. 

However, SRT1720 treatment did not change the frequency of M2 macrophages and 

anti-inflammatory cytokine production. We also examined the macrophage’s 

phenotype in heart tissue sections and found that there is a decline in M1 phenotype 

monocyte/macrophage infiltration in the myocardia which is consistent with our finds 

in spleen. Our data clearly support the hypothesis that the full capacity of SRT1720 to 

prevent tissue damage requires suppression of M1 type macrophage infiltration and 

activation through reducing pro-inflammatory cytokines and ROS production. 

 

        During the early phase of infection, T. cruzi induces a broad inflammatory 

response that persists and contributes to the pathogenesis of the disease (266). 

Macrophages serve as the first responders to T. cruzi infection and play a significant 

role in the direct killing of T. cruzi (49). Previous studies have shown that spleen or 

peritoneal macrophages isolated from acutely T. cruzi infected mice release  high 

levels of TNF-α, IL-6, IL-1β, and nitric oxide (NO), thus, suggesting M1 polarization of 

macrophages in response to first exposure to T. cruzi (267, 268). At the same time, 

macrophages produce regulatory cytokines such as IL-10 and IL-4 to prevent the 

harmful effects lead to M2 polarization (269). Thus, both M1 and M2 macrophages are 
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induced during the acute stage of infection. Acute parasitemia is controlled by innate 

and adaptive immune responses against T. cruzi; however, chronic inflammation 

persists in the host. In this study, we provide first evidence that both M1 and M2 type 

macrophages are activated in spleen and myocardium during the chronic T. cruzi 

infection but primary M1 macrophages are present. Macrophages exist as a mixed 

population of M1/M2 in chronic Chagas disease may enable their proper adaptation to 

the changing environments. We also found that macrophages produced high amount 

of proinflammatory cytokines TNF-α and IL-6 as well as ROS.  

Our observation that SRT1720 treatment did not change the peripheral and 

tissue parasite burden in chronically infected mice (data not shown) suggest that 

besides T. cruzi, other stimuli present in chronically infected mice that contribute to 

inflammatory macrophage activation. We showed that macrophages incubated in vitro 

with sera from chronically infected mice, in comparison to mice that were immunized 

with a subunit vaccine and controlled parasitemia and disease, polarized toward a 

proinflammatory phenotype with extensive production of TNF-α (270). Likewise, 

microparticles isolated from sera samples of chagasic patients with clinical disease 

symptoms (in comparison to seropositive/no disease patients) elicited a 

proinflammatory profile in human macrophages (266). In another study, we have 

shown that cardiac lysates of chagasic mice consist of oxidized proteins and 

incubation of macrophages with cardiac lysates of chagasic (vs. normal) mice elicited 

inflammatory cytokine and ROS response (44). We postulate that SRT1720 treatment 

decreased the generation of damage associated molecules (e.g. oxidized cardiac 
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proteins) and thereby removed the stimuli that contribute to proinflammatory activation 

of macrophages. 

 

        As macrophage infiltration plays an important role in tissue inflammation in 

chronic Chagas disease and SIRT1 has anti-inflammatory property, we proposed the 

hypothesis that SRT1720 treatment will inhibit macrophage’s migration to the spleen 

as well as to the heart in chronic Chagas disease. In several rodent models of chronic 

inflammation, SIRT1 has been reported to regulate macrophage infiltration or 

migration. In a mouse model of type 1 diabetes, resveratrol prevented the macrophage 

migration from peripheral lymphoid organs to the pancreas (190). In addition, 

resveratrol treatment decreased percentage of CD11b+ monocytes/macrophages to 

the normal level in mesenteric lymph nodes and the lamina propria in a mouse model 

of colitis (191). In contrast, SIRT1 KO mice displayed increased macrophage 

infiltration in the synovial tissues as compared to WT mice in inflammatory arthritis 

(189). Our results are in agreement with previous finds and provide more evidence for 

the importance of SIRT1 in regulating macrophage activation, especially M1 

macrophage infiltration in the spleen and heart in chronic Chagas disease.  

        

        In our model, we observed that SRT1720 inhibited M1 macrophage 

polarization and decreased expression of pro-inflammatory cytokines TNF-α and IL-6 

in splenocytes. A large body of literature suggested that SIRT1 regulates macrophage 

polarization by inhibition of M1 macrophages (118, 188, 193, 194). Indeed, most of the 
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previous studies using SIRT1 knockout (KO) mice have shown that SIRT1 KO mice 

display significant increase in macrophage infiltration in target tissues compared with 

WT mice. Other studies showed that SRT1720 treatment inhibited LPS-stimulated 

inflammatory pathways, as well as secretion of TNFα in RAW264.7 cells and in primary 

intraperitoneal macrophages (118). These results are consistent with our in vivo and 

in vitro data, which further indicate that decreased differentiation of M1 macrophages 

and pro-inflammatory cytokine production is associated with SIRT1 activation. Our 

study is also consistent with previous findings that SRT1720 regulates M1 

macrophage differentiation but without major effects on M2 macrophages. We further 

showed that SRT1720 does not inherently mute the macrophages’ capability to 

respond to infectious agents. This is evidenced by the finding that in vitro incubation 

with T. cruzi elicited a similar level of pro-inflammatory response in macrophages of 

chronically infected / SRT1720-treated mice as was observed in macrophages of 

infected/untreated mice.  

 

        In summary, our data suggest that activation of proinflammatory M1 type 

macrophages occurs due to tissue damage and contributes to tissue damage 

presented during chronic Chagas disease. We also characterized that SRT1720 

treatment prevented the chronic tissue damage in chagasic mice, and this was 

reflected by SRT1720 inhibition of the pro-inflammatory cytokine and ROS production 

in macrophages of chagasic mice. This is the first study that uses SRT1720 as the 

therapeutic approach to study the macrophage biology in chronic Chagas disease.  
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CHAPTER 4: CONCLUDING REMARKS 

        Inflammatory and oxidative stress and mitochondrial dysfunction are 

considered to be pathological factors in progression of chronic chagasic 

cardiomyopathy and heart failure. SIRT1 is a nicotinamide adenosine dinucleotide 

(NAD)-dependent deacetylase that participates in a wide variety of functions in 

biological systems by deacetylation of various proteins. In this study, we aimed to 

determine whether enhancing the activity of SIRT1 by SRT1720 treatment would have 

beneficial effects on cardiac function in Chagas disease. We administered SRT1720 

to T. cruzi-infected mice after the control of acute parasitemia but before the beginning 

of chronic disease, and harvested them during the chronic disease phase. The 

activation of SIRT1 by SRT1720 treatment was confirmed by SIRT1 activity assay and 

the observation that deacetylation of PGC-1α was increased in SRT1720-treated 

chagasic mice. We found that the administration of SRT1720 for three weeks 

ameliorated the left ventricular dysfunction in chronic chagasic mice. SRT1720 did not 

show any beneficial effects against the mitochondrial biogenic defects in chagasic 

mice. Instead, SRT1720 administration decreased the chronic oxidative/nitrosative 

stress and inflammatory responses that otherwise were pronounced in chagasic mice. 

We also found that SIRT1 prevented the chronic inflammation in chagasic disease by 

directly deacetylating the p65/Rel A.  

 

        We studied the effects of SRT1720 on phenotype and function of M1 and M2 

macrophages in chronic chagasic mice. SRT1720 decreased the proinflammatory 
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differentiation of macrophages in spleen of chronic chagasic mice. SRT1720-treated 

chagasic mice exhibited a significant decline in proinflammatory cytokines’ mRNA level 

and protein level compared to splenic monocytes/macrophages of chagasic mice. 

However, anti-inflammatory cytokine’s expression in splenic monocytes/macrophages 

was not altered by SRT1720. SRT1720 did not change the macrophage’s ability to 

respond to stimuli, rather the proinflammatory cytokines were decreased in SRT1720-

treated chagasic mice. SRT1720 also prevented M1 phenotype 

monocyte/macrophage infiltration in the chagasic myocardia. 

 

  Macrophage is an attractive therapeutic target, and it is important to understand 

its phenotypes according to their characteristics such as its origins (yolk sac, fetal liver, 

bone marrow) (271). Macrophages are derived from circulating peripheral-blood 

mononuclear cells (PBMcs) (171). These PBMcs differentiate from common myeloid 

progenitor cells in the bone marrow. These progenitor cells originate from 

hematopoietic stem cell (HSC) monoblasts, and sequentially give rise to a series of 

differentiation stages: the common myeloid progenitor (CMP) (172), the granulocyte- 

macrophage progenitor  (GMP) (172), the common macrophage and DC precursor 

(MDP) (173), and finally the monocyte progenitor (cMoP). Then monocytes migrate 

from the blood and then get recruited to injury sites. The phenotype and function of 

macrophages can be regulated by the environment from their progenitors (272). 

Though macrophages in resident tissue can be replenished after infection or other 

stimulus, the mechanisms that regulate initiation and differentiation of macrophage 
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subsets from their progenitors remain unknown in chronic Chagas disease. And SIRT1 

has been reported to prevent differentiation of monocytes to macrophages in 

rheumatoid arthritis (183).  

 

        Our future research will pay more attention to the characterization of the 

proliferative progenitors restricted to monocytes and monocyte-derived macrophages 

in the bone marrow and spleen. We will first investigate the percentage of different 

myeloid progenitor cells in the bone marrow and spleen. And we will study whether 

SIRT1 inhibits the differentiation of monocytes into macrophages and whether the 

myeloid progenitor cells would be altered by SIRT1. Different monocyte surface-

marker markers (MDP cells: CD117+CD115+CD135+Ly6C−CD11b−, cMoP cells: 

CD117+CD115+CD135−Ly6C+CD11b−, and monocytes: CD117−CD115+CD135− 

Ly6Chi or Ly6Clo CD11b+) will be used and flow cytometry will be performed to identify 

these monocytes and SIRT1’s impact on these monocyte subsets. We expect that 

myeloid progenitor cells will be different between normal mice and chronic Chagas 

disease mice both in bone marrow and spleen. We also anticipate SRT1720 will 

regulate the percentage of myeloid progenitor cells in chronic Chagas disease. The 

study will fill the gap of how monocyte develop into macrophage and how SIRT1 

modulate phenotype and function of macrophages in chronic Chagas disease model. 

 

        The mechanism connecting SIRT1 to tissue inflammation/oxidative stress has 

long been enigmatic, SIRT1 has been demonstrated to exhibit anti-inflammatory 
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properties through promotion of deacetylation of p65 subunit of NF-kB. However, it is 

far unclear whether other signaling cascades that may mediate the effects of SIRT1 

on proinflammatory macrophage. Further studies are necessary to show the signaling 

pathways which might be involved in SIRT1 regulating macrophage phenotype and 

function in chronic Chagas disease. 

 

        Poly(ADP-ribose) polymerase (PARP)-1 is an NAD + -dependent enzyme that 

participates to DNA repair (122). The PARP family of proteins are involved in a number 

of cellular processes including: DNA damage, DNA response, cell death and cell cycle. 

Because both SIRT1 and PARP-1 depends on NAD+ availability, cross talk between 

them has been reported.  Deletion of the PARP-1 resulted in increased SIRT1activity. 

PARP-1 knockout mice displayed an increased mitochondrial content and energy 

expenditure, and were beneficial in protection of metabolic disease (126). We propose 

that in chronic Chagas disease model, SRT1720 would prevent macrophage 

inflammatory response through inhibition of PARP-1. We plan to isolated 

monocytes/macrophages from normal, chagasic and SRT1720-treated/ chagasic 

mice, and will examine PARP1 and SIRT1 expression level by Western blot, test 

PARP1 and SIRT1 activity, determine NAD+ content by NAD/NADH Assay Kit. And 

we will also isolate monocytes/macrophages from WT mice and PARP1-/- mice and 

they will be in vitro stimulated with T. crzi and/or treated with SRT1720. The previous 

approaches will again be used and we will also determine cytokine expression by 

Real-Time RT-PCR and ELISA and examine ROS level by Amplex Red Assay. 
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        In conclusion, our data suggest that activation of SIRT1 control tissue 

oxidative stress and inflammation and contribute to improvement of cardiac function 

in chronically infected chagasic mice. SIRT1 also prevented phenotypic and functional 

proinflammatory M1 macrophages in chronic Chagas disease. This study provided us 

with an impetus to potential utility of SIRT1 agonist and its manipulation of macrophage 

subsets as the therapy for Chagas disease patients. 
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